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CHAP  I bK  i 
INTRODUCTION 


A.  OVERVIEW 


The  purpose  of  this  modeling  handbook  is  to  provide  an  organized 
approach  to  the  application  of  radiation  effect  inclusive  semiconductor 
models  to  problems  requiring  computer  aided  circuit  analysis  and  design. 

Over  the  past  10  to  15  years,  several  investigators  have  made  significant 
progress  in  developing  computer  oriented  models  for  the  different  semi- 
conductor technologies.  These  models  incorporate  improved  representa- 
tions of  both  electrical  effects  and  radiation  effects.  They  are 
documented  in  several  excellent  technical  reports  which  give  detailed 
discussion  of  derivation  and  application  procedures.  Unfortunately,  many 
of  these  reports  are  not  readily  available  to  analysts  who  wish  to  apply 
the  models  to  a specific  problem.  Even  if  the  analyst  has  access  to  the 
reports,  he  is  often  confronted  with  the  rather  formidable  task  of  wading 
through  the  derivation  in  order  tb  sift  out  the  application  information 
for  the  model.  This  is  especially  distressing  to  the  ■ inexperienced 
analyst  who  may  waste  valuable  time  struggling  with  material  which  is  not 
germane  to  his  problem. 

The  intent  of  this  handbook  is  to  alleviate  the  two  problems  identi- 
fied above.'  First,  it  presents  the  results  of  several  model  development 
programs  in  a single  volume.  Hopefully,  this  will  be  effective  in  dispers- 
ing the  results  of  these  programs  to  a much  broader  community  of  users 
than  has  previously  been  possible.  No  new  or  original  material  is 
presented  in  this  document.  Therefore,  t>e  analyst  who  feels  that  addi- 
tional information  is  required  can  check  the  references  inoicated  throughout 
the  handbook.  In  general,  the  authors  of  these  references  have  expended 
ccnsi.d-'^able  effort  in  giving  the  details  of  the  model  development.  The 
omission 'of  these  derivations  from  this  handbook  simply  reflects  the 
limitations  inherent  in  such: a document,  and  does  not  imply  that  they  are 
not  important.  Investigators  wishing  to  extend  the  capabilities  of  any 
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model  are  encouraged  to  consult  the  original  documentation  rather  than 
relying  or  the  abbreviated  material  presented  in  the  handbook. 

The  second  ’ntent  of  this  modeling  handbook  is  to  provide  an  organ- 
ized structure  for  the  application  of  the  various  model;.  This  structure 
is  the  only  original  contribution  of  the  handbook's  authors.  The  reader 
should  note  that  this  document  is  notdesigned  to  be  read  sequentially. 
Only  chapter  I,  the  introduction,  will  be  of  general  interest  to  all 
readers.  The  remainder  of  the  chapters  are  meant  to  be  stand-alone 
sections  which  are  oriented  toward  specific  technologies  and  their  models. 
A brief  examination  of  the  table  of  contents  will  demonstrate  the  basic 
structure  of  the  handbook  organization.  Note  that  the  first  few  chapters 
are  organized  by  technology.  These  include  chapters  on  bipo’ar  diode 
models,  bipolar  transistor  models,  MOS  models,  and  miscellaneous  device 
technologies  (SCR,  transformer,  UJT,  JFET).  They  are  followed  by  a 
chapter  on  simplified  modeling  of  analog  and  digital  integrated  circuits. 
The  simplified  IC  modeling  techniques  are  applicable  to  either  bipolar  or 
MOS  technologies.  The  final  chapter  presents  specific  example  problems 
ana  the  modeling  techniques  used  in  their  solution.  The  general  trend  of 
the  mode  liny  handbook  is  from  specific  device  models  toward  more  general 
IC  and  subsystem  models. 

Within  each  irdi/.dual  chapter  the  organization  proceeds  from  the 
b'sic,  first  order  electrical  model  toward  the  more  extensive  models 
incorporating  radiation  effects  and  second  order  electrical  effects. 
Division  within  the  chapters  is  made  according  to  physical  phenomena 
whenever  possible.  The  analyst  who  requires  only  a gross  electrical 
representation  of  a particular  device  to  solve  a problem  need  only  con- 
sult the  first  section  of  the  appropriate  chapter.  If  greater  sophisti- 
cation in  the  model  is  required,  subsequent  sections  must  be  consulted. 

An  attempt  has  beer,  made  to  apply  a parallel  structure  in  each 
chapter  section.  This  is  accomplished  by  developing  eight  major  sub- 
section headings.  These  include: 

(1)  Description 

(2)  Advantages 


(3)  Cautions 

(4)  Characteristics 

(5)  Defining  Equations 

(6)  Parameter  List 

(7)  Parameterization 

(a)  Definition 

(b)  Typical  Value 

(c)  Measurement 

(d)  Example  (measurement  & specification  sheet) 

(8)  Computer  Example 

The  description  subsection  provides  a qualitative  discussion  of  the 
electrical  or.  radiation  effect  to  be  discussed.  The  modeling  handbook  is 
not  meant  to  be  a treatise  on  semiconductor  physics.  However,  the  varia- 
tions in  model  character! sties  must  be  understood  in  terns  of  the  physical 
properties  they  are  attempting  to  represent.  The  description  subsection 
is  intended  to  nrovide  the  physical  context  of  the  model  without  a detailed 
derivation.  Appropriate  references  are  given  to  technical  pub’ications 
dealing  with  the  underlying  physical  phenomena. 

The  advantages  subsection  presents  the  primary  reasons  for  applica- 
tion of  the  model  to  be  discussed.  For  some  physical  phenomena  such  as 
reverse  breakdown,  there  are  multiple  modeling  techniques  which  may  be 
implemented.  In  such  cases,  the  merits  of  the  different  approaches  are 
discussed1  in  terms  of  their  effect  on  desired  results.  There  should 
always  be  some  reason  for  the  analyst's  choice  of  a specific  modeling 
approach.  Hopefully,  a clear  statement  of  advantages  will  help  to  direct 
that  choice. 

Every  model  has  a definite  range  of  appl  icaoi 1 ity  which  the  analyst 
must  be  careful  not  to  exceed.  Knowledge  of  model • limitations  is  espe- 
cially important  in  computer  aided  design.  In  general,  the  computer  can 
be  relied  on  to  perform  calculations  accurately;  however,  the  analyst  has 
total  responsibility  for  thinking.  The  cautions  subsection  has  been 
included  to  remind  the  analyst  of. the  limitations  of  each  modeT  and  to 
encourage  him  to  think  about  how  these  limitations  may  affect  the  results. 
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The  characteristics  subsection  includes  a scnematic  of  the  model 
topology  and  a qualitative  representation  of  the  electrical  response  of 
the  model.  The  topology  includes  elements  and  polarities  required  for 
proper  implementation  of  the  model.  The  electrical  representation  may 
take  the  form  of  an  I/V  plot,  a voltage  versus  time  plot,  or  a current 
versus  time  plot.  The  unique  qualities  of  the  model  response  are  high- 
lighted for  emphasis.  These  diagrams  are  useful  in  orienting  the  analyst 
to  the  mathematical  description  of  the  model  elements  in  the  following 
subsection. 

The  defining  equations  subsection  presents  the  mathematical  descrip- 
tion of  the  effect  being  modeled.  The  equations  are  presented  without 
proof  or  derivation.  Their  purpose  is  to  demonstrate  the  relationship  of 
the  various  model  parameters  in  a format  which  is  familiar  to  engineers. 
Implementation  of  the  equations  in  a computer  cede  often  obscures  the 
parameteric  relationship  due  to  the  necessity  for  eliminating  singular- 
ities and  other  numerical  difficulties. 

The  parameter  list  immediately  follows  the  defining  equations.  It 
provides  a definition  for  all  key  parameters  and  gives  the  nomenclature 
to  be  used  in  subsequent  references.  Care  has  been  taken  to  insure  that 
a clear,  consistent  nomenclature  has  been  used  throughout  the  handbook. 
Whenever  possible,  this  nomenclature  is  consistent  with  the  nomenclature 
in  the  technical  literature. 

The  parameterization  subsection  presents  techniques  for  assigning 
numerical  values  to  each  parameter  used  in  the  model.  The  predictions  or 
simulations  based  on  a model  will  never  be  more  accurate  than  the  data 
used  to  parameterize  the  model.  Thus,  there  is  no  reason  to  select  an 
elegant  model  if  there  is  insufficient  data  available  for  the  selection 
of  parameter  values.  Each  parameter  included  in  the  parameterization 
list  Is  precisely  defined  and  a typical  value  is  given.  The  typical 
value  serves  the  purpose  of  allowing. the  analyst  to  get  a model  running 
on  the  computer  with  parameters  that  bear  some  relationship  to  reality. 

It  also  gives  him  a frame  of  reference  for  judging  the  numerical  values 
which  he  derives  from  measured  or  specification  sheet  data.  Specific 


measurement  schemes  and  data  reduction  procedures  are  recommended  for 
each  parameter  and  schematic  diagrams  are  given  for  equipment  arrange- 
ment. Numerical  examples  are  provided  for  determining  the  parameter 
value  from  measurements  and  from  specification  sheet  data.  Actual  photo- 
graphs of  device  response  or  tabularized  data  from  the  measurement  scheme 
are  provided  and  reduced  to  the  final  parameter  quantity.  Specification 
sheets  are  included  and  appropriate  entries  are  selected  for  parameter 
estimates.  A comparison  of  tne  numerical  values  derived  from  measurement 
and  from  the  specification  sheet  gives  the  analyst  an  indication  of  the 
relative  accuracy  of  the  different  parameterization  sources. 

A code  implementation  subsection  is  included  in  each  chapter  to 
provide  the  analyst  with  information  on  how  the  basic  mathematical  formula- 
tion of  the  model  must  be  modified  for  incorporation  in  a computer  aided 
circuit  analysis  and  design  (CAD)  code.  Five  different  CAD  codes  have 
been  considered  in  this  subsectipn,  including  SCEPTRE,  NET-2,  SPICE2, 

TRAC,  and  CIRCUS  The  last  four  of  these  codes  have  "built-in"  models 
which  may  be  parameter i zed  in  various  ways  to  yield  different  levels  of 
model  complexity.  Unfortunately,  the  same  nomenclature  has  not  been  used 
in  each  of  tne  codes.  This  tends  to  obscure  the  basic  simi larHies  in 
the  model  capabi 1 ities.  To  key  the  different  code  models  to  the  nomen- 
clature and  model  levels  addressed  in  the  handbook,  a table  is  provided 
which  gives  the  entire  parameter  list  for  each  model  from  the  five  codes 
and  which  indicates  those  parameters  to  be  parameterized  and  those  to  be 
defaulted.  Thus,  if  the  analyst  wishes  to  use  the  first  order  MOS  elec- 
trical model  described  in  this  handbook  with  the  NET-2  code,  table  IV- 2 
will  demonstrate  how  he  should  encode  the  NET-2  parameter  list. 

Tne  code  implementation  subsection  also  provides  notes  on  the  effect 
of  code  implementation  on  the  model  characteristics.  The  necessity  for 
avoiding  singularities  and  other  numerical  problems  has  been  noted  earlier. 
Eliminating  these  problems  is  often  done  by  altering  their  functional 
forms.  These  altered  functions  may  give  results  which  are  slightly 


different  from  those  expected  by  the  analyst  in  certain  operating  regions. 
These  modifications  and  their  implications  are  called  out  as  notes  in 
this  subsection. 

The  computer  example  is  the  final  subsection  in  each  of  the  modeling 
sections.  Its  purpose  is  to  demonstrate  the  model  characteristics  devel- 
oped in  the  preceding  material.  Emphasis  is  placed  on  using  very  simple 
circuits  which  exercise  an  individual  component  model.  Often  "curve 
tracer"  programs  are  used  to  demonstrate  that  the  modeled  performance  is 
indeed  similar  to  that  desired  and  anticipated  from  the  parameterization 
procedure.  This  feedback  from  the  computer  to  the  analyst  is  an  essen- 
tial verification  of  model  operation  which  should  always  be  required 
before  incorporating  the  model  in  a more  complex  circuit. 

The  organization  of  the  modeling  sections  discussed  above  is  quite 
modular.  Hopefully,  this  approach  will  facilitate  the  use  of  the  handbook 
by  both  the  novice  and  the  expert.  The  novice  should  be  able  to  identify 
the  type  of  effect  he  wisnes  to  represent  and  follow  an  orderly  procedure 
for  selecting,  parameterizing,  and  implementing  an  appropriate  model  on 
the  code  available  to  him.  The  expert  should  be  able  to  use  the  handbook 
as  a quick  reference  to  refresh  his  memory  on  limitations  of  various 
models  or  to  review  model  conversion  procedures  from  one  code  to  another. 
The  intent  of  the  handbook  authors  was  to  accurately  reproduce  the  devel- 
opments made  by  several  investigators  in  the  field  of  semiconductor 
modeling  in  an  organizational  format  which  will  facilitate  the  applica- 
tion of  their  results. 

B.  APPLICATION  RECOMMENDATIONS 

Modern  computer  aided  circuit  analysis  and  design  codes  and  the 
models  which  have  been  developed  for  use  with  them  can  be  extremely 
powerful  and  versatile  tools  for  the  investigation  of  radiation  effects 
on  devices,  circuits,  and  subsystems.  However,  their  proper  application 
requires  attention  to  some  general  guidelines  if  their  results  are  to  be 
valid  and  economically  justifiable.  A list  of  such  guidelines  undoubtedly 


would  vary  considerably  if  compiled  by  different  authors,, but  hopefully 
the  list  of  statements  and  discussion  offered  below  incorporates  the  most 
important  aspects  of  computer  model  usage. 

(1)  Determine  why  you  are  making  a computer  aided  circuit  analysis. 

(2)  Select  an  appropriate  model. 

(3)  Know  the  difference  between  simulation  and  prediction. 

(4)  Know  the  limitations  of  parameterization  data. 

(5)  Verify  the  models. 

(6)  Understand  the  results. 

Computer  aided  circuit  analysis  is  expensive  in  terms  of  model 
parameterization  measurements,  analyst's  time,  and  computer  rental.  It 
should  be  viewed  as  one  of  several  alternative  tools  available  for  exami- 
nation of  radiation  effects  on  devices,  circuits,  or  subsystems.  Often, 
sound  engineering  analysis  procedures  can  be  applied  with  justifiable, 
simplifying  assumptions  to  yield  results  which  are  as  valid  as  any  computer 
generated  solution.  A healthy  initial  response  to  any  analysis  require- 
ment is  to  examine  ways  to  avoid  computer  aided  analysis.  However,  there 
is  a significant  class  of  problems  which  defy  reasonable  manual  analysis 
techniques.  In  these  problems,  the  variables  of  elements  may  be  closely 
coupled  such  that  several  responses  must  be  considered  simultaneously. 

In  such  cases,  the  expanded  recordkeeping  ability  of  the  computer  is 
essential  to  the  analysis.  Also  included  in  the  class  of  problems 
requiring  CAD  tools  are  those  which  contain, highly  nonlinear  elements  or 
elements  which  are  driven  into  nonlinear  modes  by  radiation  exposure. 
Certainly,  an  exhaustive  list  of  problems  requiring  CAD  and  model  ng 
tools  would  consume  more  space  than  is  available  here.  The  point  to  be 
made  is  that,  although  such  a list  is  extensive,  it  is  a definite  subset 
of  all  radiation  effect  problems.  An  analysis  should  never  be  performed 
"just  to  see  how  the  circuit  works."  The  results  of  such  an-  analysis  are 
almost  certain  to  be  misleading  and  will  undoubtedly.be  expensive. 

Closely  associated  with  the  determination  of  the  rationale  for 
computer  aided  analysis  is  the  requirement  for  selecting  an  appropriate 
model.  Never  select  a sophisticated  model  when  a simple  model  wil 


suffice.  To  assist  in  selecting  an  appropriate  model,  the  analyst  should 
force  himself  to  make  quantitative  answers  to  questions  such  as: 

(1)  What  is  the  range  of  operating  characteristics  which  the  model 
must  represent? 

(2)  What  accuracy  is  acceptable? 

(3)  Are  the  time  constants  of  the  model  comparable  to  those  of  the 
circuit? 

(4)  Is  the  device  a switch  or  an  amplifier  in  this  application? 

Numerous  other  questions  might  be  added  to  the  list,  but  the  point 

is  that  the  analyst  must  make  a definite  series  of  decisions  in  selecting 
a model.  Good  scientific  procedure  suggests  that  these  decisions  be  as 
quantitative  as  possible  and  that  they  be  doc  imented.  Selecting  a model 
which  covers  several  decades  of  current  characteristics,  when  only  a 
single  point  on  the  operating  characteristic  is  required,  is  wasteful  of 
paramterization  time,  analysis  effort,  and  computer  time.  Furthermore, 
it  is  likely  to  introduce  errors  which  could  have  been  avoided  with  a 
less  sophisticated  model.  The  analyst  is  cautioned  to  consider  that  the 
model  may  be  driven  over  a wider  range  of  operating  characteristics  in  a 
radiation  simulation  than  that  experienced  under  normal  operating  con- 
ditions. 

Once  the  decision  has  been  reached  that  a computer  aided  analysis  is 
required  and  a model  has  been  selected,  the  analyst  should  know  whether  . 
he  is  making  a simulation  or  a prediction.  The  distinction  between  the 
two  is  vital  for  the  interpretation  of  the  results.  All  models  represent 
simulations  at  some  level  of  response.  For  example,  if  a transistor 
model  is  parameterized  from  curve  tracer  measurements,  then  it  can  only 
be  expected  to  simulate  those  measurements  when  exercised  by  the  computer 
analysis  code.  This  model  can  never  be  correctly  said  to  "predict" 
transistor  performance.  A number  of  simulation  type  transistor  models 
can  be  combined  to  predict  a circuit  response.  However,  that  prediction 
will  only  be  valid  so  long  as  the  simulations  of  the  transistors  are 
appropriate  for  their  operating  conditions.  One  of  the  most  frequent  and 
potentially  disasterous  mistakes  made  in  computer  aided  circuit  analysis 
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is  the  inadvertent  extrapolation  of  models  beyond  their' range  of  simula- 
tion validity.  Thesr  mistakes  are  insidious  because  the  computer  code 
will  continue  to  generate  results  despite  their  lack  of  validity;  only 
the  continued  attention  of  the  analyst  can  prevent  this  error. 

As  noted  earlier,  models  can  only  be  as  accurate  as  the  data  which 
go  into  their  parameterization.  However,  the  analyst  is  advised  to 
consider  the  validity  of  the  data  with  respect  to  the  goals  of  his  anal- 
ysis. Specification  sheet  data  represent  the  minimum  guaranteed  electri- 
cal specifications  which  the  manufacturer  will  attribute  to  a given 
product  line.  A few  manufacturers  assign  those  data  values  based  on  3o 
points  of  measured  parameter  distributions.  Unfortunately,  most  do  not 
have  a quantifiable  procedure  for  setting  specifications.  In  either 
event,  the  values  may  not  be  consistent  when  applied  to  any  given  device. 
The  specification  sheet  data  are  important  from  the  standpoint  of  represent 
ing  the  data  which  the  design  engineer  utilized  in  designing  the  circuit. 

On  the  other  hand,  measured  data  reflect  the  actual  characteristics  of  a 
device  and  all  the  data  are  consistent.  However,  they  represent  only  a 
single  device/characteristics  set  in  a distribution  of  devices  of  that 
type.  Depending  on  where  that  device  lies  in  the  distribution,  analysis 
results  based  on  its  model  parameters  may  be  conservative  or  nonconserva- 
tive. Tor  analyses  which  are  supposed  to  reflect  the  performance  of  a 
statistically  significant  set  of  circuits,  the  analyst  should  make  some 
effort  to  establish  the  sensitivity  of  the  results  to  variations  in  key 
model  parameters.  This  should  be  done  prior  to  , the  interpretation  of  the 
results. 

Probably  more  time  is  wasted  in  attempting  to  debug  models  in  the 
analysis  circuit  than  in  any  other  aspect  of  computer  aided  analysis.  No 
model  should  ever  be  included  in  the  circuit  to  be  analyzed  befbre  its 
operation  has  been  verified.  In  tnis  handbook,  several  examples  are 
given  for  curve  tracer  and  simple  pulse  circuits  which  can  be  used  to 
verify  the  anticipated  operation  of  individual  models.  These  simple 
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programs  provide  inexpensive  vehicles  for  identifying  model  problems 
outside  of  the  circuit  to  be  analyzed.  Time  or  expense  spent  in  model 
verification  is  never  wasted. 

The  final  check  on  the  results  of  all  computer  aided  analysis  should 
be,  "Does  the  result  make  sense?"  There  is  no  foreseeable  substitute  for 
human  understanding  in  the  application  of  CAD  results.  The  analyst's 
final  responsibility  is  to  exercise  his  own  reasoning  ability.  Computer 
codes  can  produce  errors  as  a result  of  numerical  difficulties  or  they 
can  simply  "step  over"  an  important  part  of  the  response  (e.g.,  a photo- 
current pulse)  through  an  inappropriate  selection  of  a time  step.  The 
analyst  who  understands  the  circuit  is  the  last  line  of  defense  against 
such  errors. 
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CHAPTER  II 
DIODES 


A.  INTRODUCTION 


An  understanding  of  diode  modeling  is  fundamental  to  the  task  of 
modeling  any  semiconductor  device.  This  is  particularly  true  in  the 
context  of  the  modeling  handbook  since  techniques  for  modeling  radiation 
effects  and  other  phenomenon  are  described  in  the  greatest  detail  in 
chapter  II. 

An  "expandable  model"  format  is  applied  in  this  chapter.  This 
format  supports  a basic  rule  in  modeling  which  is,  "use  the  simplest 
model  possible."  The  expandable  model  format  allows  a range  of  com- 
plexity from  the  diode  equation  produced  from  a data  sheet  to  diode 
models  which  simulate  I-V  behavior  over  many  decades  of  current. 

Techniques  for  obtaining  model  parameters  from  both  terminal  mea- 
surements and  specification  sheets  are  included.  Terminal  measurements 
will  produce  accurate  parameter  values  for  specific  devices  but  indicate 
nothing  about  the  distribution  of  device  parameters  unless  numerous 
devices  are  tested.  The  manufacturer's  specification  sheets  yield  param- 
eter values  which  are  often  very  inaccurate,  yet  they  place  bounds  on 
parameter  variations  which  may  be  used  for  best  or  worst  case  analysis. 

Some  terminal  measurements  suggested  by  the  modeling  handbook  must 
be  regarded  as  useful  only  in  the  absence  of  better*  information.  One 
example  of  this  is  the  terminal  estimation  technique  used  to  obtain 
background  doping.  The  assumptions  made  were  a planar,  one-sided,  abrupt 
junction.  Because  no  junction  is  truly  planar,  the  electric  field  at  the 
curved  portions  of  the  junction  will  cause  the  junction  tc  avalanche  at  a 
lower  voltage  than  predicted.  No  diffused  junction  is  truly  abrupt, 
which  implies  that  the  term  "background  doping"  loses  some  or  all  of  its 
meaning  in  many  devices.  The  point  to  be  made  is  that  the  analyst  should 
try  to  be  aware  of  how  the  model  attempts  to  simulate  the  physical  pro- 
cesses of  the  device,  the  simplifications  and  assumptions  made,  and  the 
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accuracy  and  limitations  of  the  model  chosen.  It  is  for  this  reason  that 
discussions  of  the  physical  processes  are  often  included.  An  understanding 
of  device  physics  is  desirable  but  certainly  not  required  for  the  modeling 
process. 

When  working  with  different  computer  codes,  one  often  finds  different 
sets  of  units  being  applied  by  the  code.  For  example,  resistance  may 
normally  be  specified  in  ohms  for  one  code  and  kilohms  for  another  code. 

As  a general  rule,  any  self-consistent  set  of  units  may  be  used.  A 
problem  occurs  with  the  default  values  and  built-in  models  of  circuit 
analysis  codes.  Therefore,  it  is  safer  to  work  in  the  units  specified  by 
each  computer  code. 

Because  cf  the  overwhelming  scope  of  semiconductor  device  modeling, 
many  concepts,  approaches,  and  models  could  not  be  addressed.  It  is  for 
this  reason  that  a bibliography  is  included  at  the  end  of  this  handbook. 
References  which  proved  useful  in  the  development  of  chapters  are  included 
at  the  end  of  each  chapter. 

B.  DIODE  MODELING; 

1.  Diode  Equation 

a.  Description 

The  foundation  of  all  diode  models  is  the  diode  equation 
which  relates  the  diode  current  to  diode  vo’tage  and  may  be  written  in 
its  simplest  form  as: 

^VD 
KT 

b.  Advantages 

The  diode  equation  is  implemented  in  almost  all  network 
simulation  codes  and  is  the  simplest  method  for  implementing  a diode 
characteristic  with  a minimum  number  of  elements.  Specification  sheet 
data  may  be  used  to  parameterize  the  diode  equation.  The  diode  equation 


*D  = lS 


exp 
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requires  only  one  measured  parameter  and  an  assumed  i ‘nature  to  define 
the  parameters. 

c.  Cautions 

The  basic  diode  equation  gives  the  gross,  first  order  I/V 
characteristic.  In  circuits  where  the  details  of  the  diode  response  are 
important  to  proper  operation,  additional  model  ek  cuts  must  be  included 
to  simulate  second  order  and  radiation  effects.  The  nature  of  these 
additional  elements  is  discussed  in  the  following  sections, 
a . Charocte1.  i stic s 

The  symbolic  representation  of  the  diode  equation  is  shown 

in  figure  1 1 - 1. 

The  diode  equation  will  produce  the  electrical  character- 
istic shown  in  figure  1 1 - 2 . 

e.  Defining  Equation 

The  diode  equation  is  implemented  as  a voltage  control"! ed 
current  source  defined  by: 


I 


D 


exp 


f . Parameter  List 

ID  = the  diode  current 
I<.  - "the  diode  saturation  current 
' q = the  magnitude  of  electronic  charge 

(1.6  x 10  ^ coulomb) 

Vp  = the  voltage  acrvas  element  Ip 
K = Boltzmann's  constant  (8.62.x  10  ^ eV/°K) 

T = the  junction  temperature  in  °K 

g.  Parameterization 

1)  Is 

a)  Definition 

I<.  is  the  reverse  saturation  current  of  the 
diode.  In  an  ideal  diode,  the  reverse  current  of  a diode  under  several 


(a)  Model  Representation 


(b)  Component  Representation 


Figure  1M.  Symbolic  Representation  of  the  Diode  Equati 
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LOG  SCALE 


REVERSE  BIAS 


(a)  Linear  Scale 


✓ 
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0 V 


(b)  Semilogarathmic  Plot 


Figure  Ii-2.  Diode  Characteristics 


volts  reverse  bias  would  approach  1^.  For  real  diodes,  however,  leakage 
and  charge  generation  effects  dominate  the  reverse  current  so  I<-  may  not 
be  obtained  from  reverse  current  measurements.  • I<-  is  obtained  from  the 

behavior  of  the  diode  in  the  forward  operating  region. 

b)  Typical  Values 

A value  of  10  .amperes  is  typical.  1^  is 

directly  proportional  to  the  active  junction  area  and  may  vary  signiri- 
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cantly  between  device  types.  A range  of  10  to  10  amne-ns  is  common  . 

c ) Measurement 

can  be  computed  fnim  ; ,e  value  of  V,  ' a , 
at  a forward  b’ased  operating  point.  It  should  be  noted  that  my  tr 
I-V  point  will  be  accurately  simulated,  therefore,  the  I-V  point 
should  be  made  near  the  operating  point  of  the  diode  in  the  circuit.  Is 
can  then  be  found  from  the  relationship: 


d)  Example  - 1 N9 1 4 

2 From  Measurement 

The  point  chosen  in  forward  bias  to  be 
modeled  was  5 mA.  From  the  photoaraphs  shown  in  figure  11-3,  the  diode 
voltage. at  5 mA  can  be  seen  to  be  690  mV.  1^  was  then  computed  at  300°K 
to  be:.  ’ 

S — '"'7'  'Q'.&Tl — V 1.35  x 10  amperes 

exp(o?5rr) 

2 From  Data  Sheets 

An  estimate  of  1^  can  be  made  from  specifica 
tion  sheet  data.  The  specification  sheet  shown  in  figure  11-4  lists  a 
diode  voltage  of  0. 12  V at  a forward  current  of  5 mA. 
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TYffS  1N914, 1N914A,  1 N914B, 
1N916, 1N916A,  1N916S  mi  1N917 
DtmJSIO  SILICON  SWITCHING  DIQDCS 


RIMNN  MNTrKW  (MWmrni  III  OT  4-9  W 


rw  (i 


103 

irrrm 

n'nri 

ion 

IQQ 

mm 

(am 

fTTTfi 

a 

Hi 

bMM  Mtap  it  IM  fi* 

■a 

KJ 

HJ 

HI 

Si 

SO 

mnrn 

HI 

mm' 

1. 

■mu  bowl  « ft 

& 

mm 

r 

* 

5 



1. 

Wk  (mi  M -It* 

VjiM 

ii »« 

ifii 

lOl 

IT}?! 

con 

s 

Inam  bum  m — K * * IH*t 

ZJJ 

HI 

_jj 

* 

* 

3 

i 

KJ 

12* 

t> 

km  bnm  m—ltirn  IS**t 

K1 

K1 

Kl 

HJ 

' St 

SI 

C3|! 

V 

fcma  Car mt  «•  — ft  * 



[T'riU 

LLLI 

5 

1. 

km  bum  « — I*  » at  IJJ*t 

9!! 

■H 

— 



I 



e* 

1. 

Mb  fv»  U.n— t ■>  i,  = I » 

■5 

KJ 

HJ 

KJ 

HJ 

sr 

M 

KJ 

O; 

4, 

* Mb* 

55 

HHi 

O 

mm 

*. 

• llm 

— 

l*J 

a 

*. 

•»  11 « 

am 

T 

*r 

« 1 me 

1331 

UJ 

. . 

f 

». 

■KlN 

DM 



f 

C 

bpariaam  Oi  l 

4 

4 

4 

4 

* 

I 

L_J 

■a 

WM 

II4I4 

1*4144 

1*4141 

1*41  J 

1*414 

1*4144 

1*4141 

1*417 

m 

t.. 

”4 

•M 

•II 

-4 

••4 

•#4 

•J 

IM 

•I 

•» 

*• 

•1 

•i 

MM 

*. 

M km;  *a*m  (dm  Na*  H m. 

1 1 /im  m*  mk*.  II  mi  mt  km. 

i>  «!Hk  v im| 

15 

_LL 

_JJ_ 

tl 

IS 

n 

tf 

15 

f 

• M|H«Vlt>ll|.  — • 
••  l«M  f*  M I*  * # f*  -ww  » » • 


Figure  II-4.  1N914  Manufacturer  Specification  Sheet  (ref.  11-1) 
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TYPES  1N914, 1N914A,  1FW4I, 1N915, 
1N916, 1N916A,  1N916B  and  1N917 
DIFFUSED  SILICON  SWITCHING  DIODES 
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Figure  T I -4 . 1N914  Manufacturer  Specification  Sheet  (Concluded) 
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TYPES  1NST4. 1MS14A.  1WS14R, 

1MBit,  'MAS.  1NIHA.  IN*  1««,  1MB17 
BULLETIN  NO.  OL*  MMM,  JANUARY  IMS 
REVISED  AUOUTT  ISM 


-1 


4.23  x 10  ^ amperes 


exp 


5 mA 
0.72  V 
0.0259 


2)  T 

a)  . Definition 

T is  the  temperature  of  the  junction  in  degrees 
Kelvin.  Model  paremeters  should  be  obtained  at  the  model  simulation 
temperature. 

b)  Typical  Value 

T is  often  assumed  to  be  room  temperature,  which 
is  about  300°K.  This  assumption  is  valid  for  devices  operated  under  low 
power  conditions.  If  power  conditions  within  the  device  make  this  assumption 
invalid,  knowledge  of  the  junction  temperature  or  a higher  order  model 
may  be  desired  to  yield. better  results. 

c)  Measurement 

When  making  low  power  measurements  in  climate- 
controlled  areas,  assume  T to  be  300°K. 

h.  Implementation  Notes 

Some  difficulty  may  be  encountered  in  the  direct  implemen- 
tation of  the  diode  equation  in  some  circuit  analysis  codes.  This  prob- 
lem is  usually  related  to  the  topology  requirements  of  the  individual 
code.  For  SCEPTRE,  a capacitor  placed  across  the  diode  will  eliminate 
topology  problems  The  capacitor  must  be  chosen  small  enough  so  as  not 
to  interfere  with  the  diode  action;  1 picofarad  has  been  found  to  be 
adequate. 

i.  Computer  Example 

The  diode  equation  was  exercised  by  use  of  the  network 
analysis  code  SCEPTRE.  The  forward  characteristic  was  obtained  by  use  of 
the  simulation  circuit  of  figure  I 1-5. 
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Figure  1 1 - 5 . Diode  Test  Circuit 


The  computer  input  listing  for  this  run  is  given  in  figure 
1 1 - 6 and  the  simulated  characteristic  is  shown  in  figure  1 1-7. 

As  expected,  the  5 mA,  690  mV  point  used  to  develop  the 
model  lies  on  the  curve  produced  by  the  simulation. 

2 . Reverse  Bias  Effects 

a.  Description 

The  diode  equation  does  not  inherently  contain  provisions 
for  reverse  breakdown.  However,  the  reverse  breakdown  effect  may  be 
important  to  the  analyst  who  is  modeling  reference  diodes  or  analyzing 
any  circuit  where  transients  due  to  radiation  effects  or  other  sources 
may  drive  the  circuit  into  an  operational  mode  outside  the  original 
design  boundaries. 

Electrical  overstress  produces  device  breakdown  and  pos- 
sible catastrophic  failure.  Reverse  breakdown  may  take  place  by  two 
mechanisms,  avalanche  and  tunneling.  P-N  junctions  which  break  down  at  8 
volts  or  higher  are  considered  to  do  so  by  avalanching  mechanisms.  Since 
the  upper  limit  for  tunneling  is  about  5 volts,  both  phenomena  are  con- 
sidered to  occur  in  devices  with  breakdown  between  5 V and  8 V.  There 
are  three  approaches  to  modeling  reverse  bias  effects. 
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Figure  I 1-7 . Forward  Region  of  Diode  Characteristic 


b. 


Multiplication  Factor 
1 )■  Advantages 

The  advantage  of  the  multiplication  factor  approach 
is  that  it  relates  better  to  the  physical  processes  occurring  in  the 
diode. 

2)  Cautions 

The  multiplication  factor  is  sc  ’ewhat  difficult  to 
parameterize;  therefore,  care  must  be  taken  to  injure  the  ‘ion  is 
well  behaved. 

3 ) Characteri sties 

The  topology  required  for  the  model  is  shown  in 
figure  1 1-8.  The  expected  I-V  characteristics  are  shown  in  figuio  i 1-9 


Figure  11-8.  Topology  for  Multiplication  Factor  Model 
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4)  Defining  Equation 


= !s  [exp  (kt)  _1] 


M(V) 


M(V)  = 


5)  Parameter  List 

Vgp  = the  breakdown  voltage  of  the  diode 
' M(V)  = the  avalanche  multiplication  factor 
n = empirical  constant 
Parameterization 


6) 


'a) 


_BD 

1 Definition 


Vqq  is  defined  as  that  voltage  at  which  the 
reverse  current  increases  at  an  almost  infinite  rate  when  voltage  is 
increased. 

2 Typical  Value 

Vgg  ranges  from  about  5 volts  for  a refer- 
ence diode  to  over  1000  volts  for  a high  voltage  rectifier. 

3 Measurement 

• V8D  can  be  obtained  from  a photograph  or 
plot  of  the  reverse  I-V  characteristic.  The  value  of  Vgg  can  be  deter- 
mined by  extrapolating  the  straight  line  portion  of  the  breakdown  curve 
to  the  voltage  axis  as  illustrated  in  figure  11-10. 
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3 Measurement 


Rq  may  be  determined  by  obtaining  several 
I-V  points  on  the  diode's  reverse  biased  characteristic.  The  points 
should  be  measured  at  least  several  volts  away  from  reverse  breakdown, 
is  calculated  as: 


4 Example  - 1N914 

a From  Measurement 

Reverse  leakage  current  was  measured 
by  a sensitive  current  meter  in  series  with  the  diode  and  then  reverse 
biasing  the  diode  with  a power  supply.  Data  obtained  were: 


-5.4  nA 
-IS. 0 nA 

"C  -5.4  nA  - (-19  nA) 

Rq  = 2.94  x 10^  ohms 

b From  Data  Sheets 

The  manufacturer  specification  sheet 
shown  in  figure  I 1-4  lists  maximum  reverse  current  for  the  1N914  at  a 
reverse  voltage  of  20  volts.  Since  leakage  current  is  usually  much 
greater  than  saturation  current,  the  following  approximation  will  be 
applied: 


-10  V 
-50  V 

-10  V - (-50  V) 


-?n  v 

Rc  = -O.gI^IiA' 


R.  - 8.0  x 10  ohms 

L 


c)  n 

1 Def i ni t ion 

n is  an'  experimental  constant  which  models 
the  multiplication  region  of  the  reverse  diode  characteristic. 

2 Typical  Value 

The  value  of  n is  typically  between  2 and  4 

for  si  1 icon  diodes. 

3 Measurement 

n can  be  determined  from  a point  on  the 
reverse  characteristic  in  the  multiplication  region,  n can  be  computed 


log  1 - 


4  Example  ~ IN914 

A point  taken  at  the  knee  of  the  breakdown 
characteristic  (figure  11*3)  yields: 

ID  = *0.5  mA 
V0  = -140  V 


n-ia 


1 ) Advantages 

The  advantages  of  the  direct  simulation  approach  are 


that  parameterization  is  straightforward  and  better  simulation  of  resis 
tance  in  breakdown  is  permitted. 

2)  Cautions 

Photocurrent  and  leakage  current  will  not  undergr 

mu! tipi ication. 

3)  Characteristics 

The  topology  required  for  the  model  is  shown  in 

figure  11-11. 


The  expected  I-V  characteristics  are  shown  in  figure 


Figure  11-12.  I-V  Characteristics  for  Direct  Simulation  Model 


4)  Defining  Equations 


*0  ~ rs 


[•'"(-kt)  •'] 


f(v0) 


f(Vg)  = piecewise  linear  table  or: 


- lS  e 


5)  Parameter  List 

VBD  = the  oreakdown  voltage  of  the  diode 
A = empirical  constant 
Ic  = diode  leakage  current 


6)  Parameterization 

a)  Bre::’down  fable 

The  breakdown  tab’e  was  obtained  from  selected 
points  on  the  reverse  character: stic.  The  points  chosen  are  shown  i., 
table  1 1 - 1 . 


TABLE  11*1. 

DIODE  BREAKDOWN 

"JO 

*0 

-15  2 V 

-60  mA 

-151 

-30 

00 

i 

-200  p« 

-147 

-100 

-144 

-50 

-140 

-25 

-120 

-10 

-100 

-5 

■ Hd 1 


Figure  11-13.  Topology  for  Electrical  Analog  Mode,! 

The  shunt  diode  is  c'amped  "off"  by  the 
voltage  source.  When  a reverse  voltage  is  applied  to  the  model  which 
exceeds  the  voltage  source,  the  shunt  diode  will  conduct,  simulating  the 
breakdown  characteristic.  The  multiplication  region  of  the  character- 
istic is  simulated  by  the  forward  I-V  behavior  of  the  shunt  diode.  Ihe 
characteri stic  produced  will  be  similar,  as  shown  in  figure  1 1 - 14. 
d.  Computer  Exar.pl es 

Two  computer  simulations  of  reverse  breakdown 
were  made,  one  by  direct  simulation  and  one  by  use  of  the  multiplication 
factor.  The  test  circuit  applied  for  these  simulations  is  shown  in 
figure  11*15. 

, The  computer  listing  for  the  direct  simulation  test  using 

a piecewise  linear  table  is  given  in  figure  11-16.  The  breakdown  charac- 
teristic produced  is  shown  in,  figure  11-17. 

The  input  listing  for  the  multiplication  factor  simulation 
is  given  in  figure  11-16.  The  output  for  this  run  is  given  in  figure 
11-13. 

Three  features  of  figure  1 1-19  are  noteworthy.  First,  the 
curvature  of  the  avalanche  region  is  much  more  abrupt  than  indicated  by 
the  actual  data.  Second,  the  feature  included  in  the  multiplication 


IS 


11-22 


S t E P T 3 E f-POili'f 

(. i ■>  c c ' c r -eapc-.-s  - <»(  < \-» 

*•  -S  !OS  CDC  S/?t>  . 

Cr/co/7s  n.jp.ki. 


-'05  a LiSTIM-  Of  jSE  3 FtATJ-ES  U\!  lnE  r 0 This  vt<MO\'  Jr  toC-P'-t 
a CA-o  covt ai mjno  i he  »e-o  •,do:j*e ••  as  t~e  fnm  ca<o 

OF  T-E  l'.PJT  !i<! 


;0*'t"T  E S M-E  lUl^Iso  SEIo3  Ph*SE- 
C=a  .330  SEC. 

PP  3.300  SEC. 

• 10  0.300  SEC. 


cucon  r.Escwi“nov 

ELt-E^lS 

j!V.3-i»Tfc*LE  lltl-E)  , 

3P1aS*1-^a1(J0 

JO.  £-0  = 0 1 COE  E.3U4T  1 0 w • 1 . 3 aE-  1 * * 3d . M I 
-Os'1  iP.E  t’tVjCl 

:.2-o*i.e-j? 

••unctions 
IA^lE  i 

i • 0 « 1 .,E*3»  *i>.  t -♦ 

TA31E  i 

-1  5<N-toO.E-3 

-lsi.-30.E-3 

- 1 »H« -£ 30 . E -6 

- 1 % 7 . - l o 0 . E - to 
- ) • -^0  *E -to 
-l»0.-?5.E-to 

-le?C’  .-10.E-to 
-1U0.-S.E -to 
DJIPUTS 
jl  ..plot  i vjyi 
«un  cnvTPO.s 
ST ju  T I«E= 1 .( -3 
ENJ 


jt5TE“  NOW  E N T E » : N J i I MU. At  ION 


ICXFjTfv  1 ivf  a!  tEP'IsallON  <>>  st  Tup  p-AaE- 
C p a .?«■<•  >*C.  • 

°p  : . ° o sec. 

10  3.300  SEC. 


Figure  11-17.  Breakdown  Characteristic  as  Predicted  by  Tabular  Approach 
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Figure  11-18.  Reverse  Breakdown  Simulation 


Figure  11-19.  Breakdown  Simulation  by  use  of  Multiplication  Factor 


formula  to  prevent  a singularity  when  Vgp  = Vp  has  also  limited  breakdown 
current  to  less  than  0.5  mA.  Such  limiting  can  occur  if  the  proper 
selection  of  limiting  constants  is  not  made.  Finally,  the  slope  of  the 
breakdown  characteristic  is  negative.  This  result  may  arise  if  a bulk 
resistance  term  is  not  included. 

3.  Nonideal  Diode  Equation 

a.  Description 

The  analyst  who  wishes  to  correctly  simulate  diode  perfor- 
mance over  several  decades  of  current  quickly  notes  that  the  ideal  diode 
equation  is  not  sufficient  because  most  diodes  do  not  have  an  ideal 
characteristic.  The  reason  for  this  deviation  from  the  ideal  is  a reflec- 
tion of  the  efficiency  of  the  diode  as  an  emitter  of  minority  carriers. 

A semilog  plot  of  Vp  over  a wide  range  of  Ip  will  identify 
the  region  of  nonideal  behavior.  Such  a plot  is  demonstrated  in  figure 
; 11-20. 

The  nonideal  region  can  be  modeled  as  an  emission  constant 
* in  the  diode  equation. 

b.  Advantages 

The  inclusion  of  an  emission  constant  permits  accurate 
[ simulation  of  diode  I-V  characteristics  over  several  decades  of  current, 

i c.  Cautions 

i The  inclusion  of  an  emission  constant  generally  requires 

; some  source  of  experimental  data  to  determine  the  value  of  the  emission 

constant.  Distinctions  must  be  made  between  variations  in  M and  the 
change  in  I-V  characteristics  due  to  low  and  high  injection  effects. 

d.  Characteristics 

The  inclusion'  of  an  emission  constant  will  produce  an  I-V 
characteristic  which  deviates  from  the  ideal  as  illustrated  in  figure 
11-21. 

e.  Defining  Equation 


■■fW,  . 


I 

f 


. .i 
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Figure  M-20.  Nonideal  Diode  Behavior 


Figure  11-21.  I-V  Characteristics  Using  an  Emission  Constant 
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f . Parameterization  (M) 

1 ) Definition 

Tte  constant  M is  the  factor  by  which  the  junction 
voltage  and  dynamic  resistance  are  larger  than  the  ideal  values  given  • 
using  qVg/KT. 

2)  Typical  Value 

M equals  1 for  the  ideal  case,  but  typically  lies 

between  1 and  2. 

3)  Measurement 

M can  be  found  by  identifying  the  nonideal  line 
segment  from  a plot  of  £n(Ig)  as  a function  of  Vg.  A best  fit  to  several 
points  will  yield' the  most  acceptable  value  of  M.  Two  points  on  the 
nonideal  line  segment  will  identify  M as: 


M = 


q(V2  ' V,) 
KT  £n( I2/1 1 ) 


A new  corresponding  value  for  I<.  must  now  be  computed  from  one  point  on 
the  line  as: 


4)  Example  - 1N914 

The  I-V  data  assembled  for  determination  of  the  dc 
parameters  are  listed  in  table  I 1-2. 

A plot  of  these  data  on  a semi  log  plot  produces 
figure  11-22.  Region  1 appears  to  be  the  nonideal  region,  region  2 is 
the  high' injection ' region,  and  region  3 is  the  ohmic  region. 


iABLE  11-2.  MEASURED  I-V  CHARACTERISTICS  OF  IN9H 


1 ^ 0.304  volts 


4 

0.373 

10 

0.416 

(' 

‘ 40 

0.481 

100 

0.521 

400 

0.585 

1 mA 

0.628 

* • 

... 

4 

0.694 

, 

10 

0.742 

[ 

i 

40 

0.843 

! 

80 

0.902 

100 

0. 929 

' 

200 

0. 999 

300 

1.13 

400 

1.16 

500 

1 . 27 

600 

1.33 

■ ■ 

700 

1.36  j 

Choosing  10  pA  and  I mA  as  representative  of  the 
nonideal  line  segment  yields: 


(0.628  V - 0.416  V) 


S 


0259  v I’n  v liATTO ipfl} 

tew  va 
10  pA 


1.78 


A new  value  of  !<.  must  now  be  computed  as: 


= 1.21  x 10  amperes 


exp 


mrr 


4 . High  Injection  Effects 

a.  Description 

As  the  current  through  a diode  increases,  the  injected 
carriers  become  approximately  equal  to  the  carrier  concentration  of  the 
lightly  doped  side  of  the  junction.  This  leads  to  the  buildup  of  a 
retarding  potential  and  is  manifested  as  a change  in  the  i-V  charac- 
teristic. High  injection  may  be  modeled  as  a modification  to  the  diode 
equation. 

, b.  Advantages 

Modeling  of  diode  characteristics  is  permitted  over  an 
even  larger  number  of  current  decades  than  is  possible  with  the  nonideal 
diode  model,. 

c.  Cautions 

Additional  reliance  on  experimental  data  is  required. 
Additional  parameterization  effort  is  also  needed. 

d . Characteristics 

Addition  of  the  high  injection  modifications  to  the  diode 
will  produce  the  characteristic  shown  in  figure  11-23. 


HIGI  INJECTION  REG  I Oh' 


n 


NONIDEAL  REGION 


igure  11*23.  Inclusion  of  High  Injection 


e.  Defining  Equation 


Is[exp  (qV0/MKT)  * 1 J 

lD  = 1 ♦ o exp|qVD/2MKTj 

f . Parameterization 

1 ) Definition 

The  parameter ,0  models  the  deviation  from  the  ideal 
diode  I-V  characteristic  due  to  high  injection.  High  injection  effects 
are  sometimes  difficult  to  observe  and  may  be  obscured  by  the  effects  of 
ohmic  resistance. 

2)  Typical  Value  - ' , 

A typical  vdlue  of  is 

3)  Measurement 

log(Ig)  versus  Vq  is  plotted  over  a wide  range  of 
diode  current  values.  High  injection  occurs  at  the  point  where  1^  changes 
from  being  proportional  .o  exp  (qVg/MKT)  to  approximately  proportional  to 
rxp  (qVg/2MKT).  The  parameter  a describes  the  high  current  asymptote  of 
the  loq(Ig)  versus  graph  as: 


Ipihigh  level)  = 


exp 


qVjj(nigh  level) 
2 MKT 


Choosing  an  operating  point  in  high  injection  will  yield  an  1 ^ ( high 
levei)  and  a V^(high  level). 

4 ) Example  - 1 N9 1 4 

To  determine  if  high  injection  or  bulk  resistance 
effect.-  account  for  the  slope  of  line  2.  the  two  constants  will  be  deter- 
mined. If  slope  2 (figure  11*22)  is  approximately  aVg/2MKT,  then  high 
injection  effects  probably  account  for  line  2.  Choosing  two  points  from 
each  line. 


slope 


ifn  1 mA  - khi  1 pA  _ 
0.628  V - 0.304  V 


slope  2 


Cn  80  mA  - fn  40  mA  _ , , 7 

■•rgorv^UTaTTT  ' 1 1 ■ 7 


s 1 ope  I 
slope  2 


1.82 


which  is  close  enough  to  2 to  justify  the  assumption  that  above  0.78  V, 
high  injection  effects  occur.  (>  can  now  be  calculated. 

T 0.902  V 1 

*xp  [20".'Wf(rff25oyJ 


5 . Ohmic  effects ' 

a.  Description  •• 

At  the  highest  injection  levels,  the  ohmic  properties  of 

the  semiconductor  material  may  contribute  significantly  ,to  the  I:V  char- 

acteristics of  the  diode.  This  resistive  term  could  theoretically  be 


80  mA 


1,21  x I0~5 * * * 9  A 


« - 2.68  x 10 


calculated  from  knowledge  of  the  material  resistivity,  the  device  area, 
and  the  width  of  the  semiconductor  material  between  the  junction  and  the 
ohmic  contact  as: 


However,  the  resistive  term  may  be  more  easily  and  "-pliably  calculated 
from  the  I-V  characteristic  if  appropriate  care  is  taken  in  distinguish- 
ing ohmic  and  high  injection  effects. 

b.  Advantages 

The  addition  of  bulk  resistance  yields  the  most  complete 
and  accurate, model  over  all  regions  of  forward  biased  diode  operation. 

c.  Cautions 

Requires  an  additional  electrical  element  and  access  to 
experimental  data  to  determine  value. 

d.  Characteristics 

Bulk  resistance  is  modeled  by  inclusion  of  a discrete 
series  resistor  as  shown  by  figure  11-24. 


* V ' 

Figure  11-24.  Modeling  Bulk  Resistance 


Inclusion  of  bulk  resistance  to  the  complete  nonideal 
diode  model  will  yield  the  characteristic  of  figure  11-25. 


I 

j 


hgUre  11 ~25-  fusion  of  Bulk  Resistance 

e Parameterization  (R  ) 

1 ' De  fiction 

«B  is  the  series  ohmic  resistance  of  the  diode 
2>  typical  ValiiP 

A typicai  value  for  Rg  js  j ohm 
3)  Measurement 


Kg  may  be  determined  from  two 
r*g>on  of  the  diode  as: 


points  in  the  ohmic 


= (W  ' <^KT/q)  iJnCyij) 


where: 


* ! !’  !'  th?  diode  is  "ot  t"  high  injection 
- is  if  the  diode  is  in  high  injection 


( 
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Examples  - 1N914 


The  two  points  in  the  ohmic  region  chosen  for  analysis 


1.13  V 


300  mA 


1.27  V - 1.13  V)  - (2)(1. 78)(0.0259)  £n  ( -u  73u 


300  :’A 


Rg  = 0.464  ohms 

g.  Computer  Example 

The  simulated  I-V  characteristic  of  the  1N914  diode  model 
was  produced  to  allow  comparison  with  experimental  data.  The  simulated 
test  circuit  applied  is  illustrated  in  figure  11-26.  Nonideal,  high 
injection,  and  ohmic  effects  were  included  in  the  model. 


*4}  0-1  Amp 


Figure  11-26.  Wide  Current  Range  Model  Test  Circuit  . 

The  input  listing  for  this  run  is  shown  in  figure  11-27. 
The  results  of  this  run  were  plotted  in  figure  11-28.  Satisfactory 
simulation  results  were  obtained  over  5 decades  of  current. 
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6.  Depletion  Region  Capacitance 

a . Description 

The  existence  of  a depletion  region  in  the  vicinity  of  the 
metalurgical  junction  of  the  diode  gives  rise  to  an  effective  parallel 
plate  capacitance.  This  capacitance  is  usually  referred  to  as  the  junc- 
tion capacitance.  Increasing  the  reverse  bias  across  the  junction  has 
the  effect  of  providing  a greater  separation  between  the  "plates"  of  the 
capacitor  and  lowering  the  capacitance.  This  phenomena  is  modeled  as  a 
voltage  variable  capacitance  in  parallel  with  the  diode  current  generator. 

b.  Advantages 

The  addition  of  the  depletion  (or  transition)  capacitor 
will  improve  the  model  accuracy  in  any  analysis  where  the  transient 
characteristics  are  important.  As  noted  earlier,  many  codes  require  a 
capacitive  element  in  paral  i?l  with  the  dicde  current  generator  in  order, 
to  make  the  voltage  across  the  diode  a state  variable.  A small  constant 
capacitance  will  satisfy  this  requirement,  but  a voltage  variable  capaci- 
tance requires  no  additional  elements  and  very  little  additional  mathe-  . 
matical  complexity. 

c.  Cautions 

Time-consuming  capacitance  measurements  must  be  made  with 
a capacitance  bridge  to  develop  the  capacitance  models. 

d.  Characteristics 

The  diode  topology  required  for  the  addition  of  depletion 
capacitance  is  given  in  figure  11-29. 


Figure  11-29.  Diode  Topology  for  Inclusion 
of  Depletion  Capacitance 
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A typical  plot  of  depletion  capacitance  as  a function  of  diode 
bias  is  shown  in  figure  11-31?. 


e.  Defining  Equation 


f.  Parameter  List 

Cy,  = value  of  depletion  capacitance 

-TO  = f'he  va1ue  the  di°de  junction  capacitance 

at  VD  = 0 

4 1 = the  junction  barrier  potential 
m = the  junction  capacitance  gradient  factor 

g.  Parameterization  (Cyg,  m) 

1 ) Definition 

C-j-q , 41,  and  m are  the  thr  parameters  that  describe 
this  junction  capacitance  due  to  the  fixed  charge  in  the  junction, depletion 
region.  Cyg  is  the  value  of  Cy  at  = 0,  4*  is  the  built-in  barrier 
potential,  and  m is  the  capacitance  gradient  factor.. 


2)  Typical  Value 

2 

Cjq  is  typically  on  the  order  of  0.3  pF/mil  of 
junction  area.  The  barrier  potential  tjj  is  usually  about  0.6  V.  The 
constant  m will  usually  be  between  0.333  (graded  junction)  and  0.5  (step 
junction)  but  may  be  much  less  for  gold  doped  junctions. 

3)  Measurement 

The  junction  capacitance  can  be  obtained  as  a func- 
tion of  voltage  by  means  of  a bridge  such  as  the  Boonton  model  75  or  the 
Hewlett-Packard  4271. 

A method  of  reducing  the  data  by  graphical  techniques 
is  to  make  an  initial  guess  for  tj/  and  then  plot  the  resultant  value  of 
as  a function  of  (41  - V^)  on  log-log  graph  paper.  If  a straight  line 
results,  the  chosen  values  are  assumed  to  be  correct.  If  the  line  is  not 
straight,  a new  guess  is  made  for  i)i  and  a new  plot  is  made.  If  the  curve 
is  concave  in  a downward  direction,  decrease  i|>. 

Another  technique  is  to  plot  (CT)  1//m  as  a function 

3 2 

of  VQ.  Plotting  1/C  and  1/C  are  good  starting  points  since  a straight 
line  result  will  establish  the  junction  as  linearly  graded  or  abruptly 
discontinuous,  respectively.  When  a straight  line  is  obtained,  1(1  is 
determined  by  extrapolating  the  line  to  the  Vg  axis.' 

4)  Example  - 1N914 

C-V  data  obtained  in  the  reverse  biased  region  are 

shown  in  table  II-3. 


TABLE  I 1-3. ■ JUNCTION  CAPACITANCE  VERSUS  REVERSE  BIAS 


1,365  pF 

0 

1.350 

-0.5 

1.354 

-0.8 

1.342 

-1.0 

1.336 

-1.5 

1.325 

-2.5 
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Plotting  l/C4'  and  1/C^  as  a function  of  Vq  yields  the 
plots  shown  in  figures  11-31  and  1 1-32 , respectively.  The  similar  curves 
indicate  that  the  junction  grading  coefficient  does  not  lie  between  0.5 
and  0.333  as  predicted  by  simple  theory.  However,  this  result  is  not 
surprising  since  the  1N914  is  gold  doped.  To  find  the  grading  coeffi- 
cient, a different  graphical  technique  will  be  applied  for  exampie  pur- 
poses. 

The  first  guess  tor  the  plot  is  tji  = 0.6  V.  Tne  resulting 
values  for  the  plot  are  shown  in  table  I 1-4.  The  resultant  plot  is 
illustrated  in  figure  11-33.  Since  this  plot  forms  a reasonably  straight 
line,  »J)  is  assumed  to  be  0.6  V and  no  other  values  of  ip  need  be  tried. 

The  value  of  -m  is  the  inverse  slope  of  the  line  plotted  in  figure  11-33 
and  is: 

-m  = log  1-365  pF  - log  1 325  pF  = _n  Q181 
m Tog  0.6  V - log  3.1  V '"UIB 

TABLE  I 1-4.  ALTERNATE  CAPACITANCE  DETERMINATION 


£t 

*^D. 

1 . 365  pF 

0.6  volts 

1.350 

1.1 

1.345 

.1 . 4 

1.342 

1.6 

1 . 336 

2.1 

1.325 

• 3.1 

. Cjq  can  be  calculated  from  the  capacitance  formula  and  a 
single  raw  data  point  as: 


CT0  0 -1  V - 1.342  pF 


\Lz_L1  V)1 
[ 0.6V  J 


0.0181 


^ 1.37  pF 


The  experimental  value  of  Cyg  (Vg  = 0 V)  was  1.365  pF. 
h . Implementation  Notes 

Direct  implementation  nf  the  depletion  capacitance  equa- 
tion will  result  in  a singularity  if  Vg  = 41.  To  avoid  this  singularity,  . 
a typical  capacitance  equation  will  limit  the  term  Vg/iji  to  some  value 
less  than  unity  through  application  of  the  AMIN1  function.  Limiting  the 
capacitance  bythis  means  will  have  little  affect  on  simulation  results 
for  the  following  reasons: 

(1)  Diffusion  capacitance  in  the  forward  region  will  dominate  over 
depletion  capacitance. 

(2)  The  depletion  approximation  used  to  develop  the  capacitance 
equation  looses  its  validity  as  Vg  approaches  ij». 

? • Diffusion  Capacitance  Effects 

a.  Description 

When  the  diode  is  forward  biased,  excess  minority  charge 
carriers  are  in  transit  throughout  the  semiconductor  material.  These 
carriers  can  be  thought  of  ar  a charge  stored  in  the  volume  of  semicon- 
ductor material  and  modeled  as  a charge  stored  in  a capacitive  element. 
This  capacitance  is.  usually  referred  to  as  the  diffusion  capacitance  and 
■is  proportional  to  the  diode  current. 

b.  Advantages 

For  transient  analysis,  the  diffusion  capacitance  is 
essential  in  modeling  diode  storage  time. 

c.  Cautions 

Parameterization  of  the  diffusion  capacitance  generally 
requires  access  to  sophisticated  pulsed  measurement  facilities  or  speci- 
fication sheet  data  for  storage , time. 


r • * *•  ’■  MT-nwl 
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I he  topoicqy  required  for  the  modeling  of  charge  storage 
effects  is  given  in  figure  1 1 - 34 . 


e.  Defining  Equation 

r _ q lcs  (ID  * ^ 

cD m 

f.  Parameterization  (tcs) 

1)  Definition 

. t , the  charge  storage  factor,  is  re'ated  to  the 
time  required  tor  all  charges  stored  in  the  semiconductor  volume  to  be 
dissipated.  This  constant  will  be  a function  of  minority  carrier  life 
time,  diffusion  velocity,  and  other  parameters  which  describe  charge 
storage. 

2)  Typical  Value 

A typical  value  of  the  charge  storage  factor  is  10 
ns.  Values  from  0. 1 ns  to  1 ps  are  common. 
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3) 


Measurement 


t can  be  found  by  application  of  the  expression 
lcs  = (tt)  ' CTRB 

where  F is  the  intrinsic  diode  cutoff  frequency.  Knowing  tne  storage 
time,  t..e  frequency  parameter  F (required  in  the  previous  equation)  is 
calculated  from: 


F = 


*n  (1  ♦ 1F/IR) 

2/TT7 


where: 

Ip  = the  diode  forward  current 
IR  = the  diode  reverse  current 
t&  = the  diode  storage  time 


Specification  sheets  often  contain  the  necessary 
information  to  calculate  F.  A test  conf iguration  similar  to  the  one 
shown  in  fiqure  11-35  can  be  used  to  obtain  diode  storage  time  experi- 
mentally. The  power  supply  is  adjusted  to  obtain  the  desired  forward 
test  current.  The  pulse  generator  is  then  adjusted  to  obtain  the  desired 
reverse  recovery  current.  The  storage  time  is  the  time  from  the  begin- 
ning of  the  reverse  current  transition  to  the  time  when  the  reverse 
current  begins  to  decay  toward  its  dc  value.  An  example  of  a typical 
measurement  waveform  is  shown  in  figure  11-36. 

4 ) Example  - 1N914 

The  reverse  recovery  time  information  given  by  Luma- 
tron  (figure  1 1 -4 ) is  in  a form  that  can  be  applied  directly.  Assuming 
that  the  reverse  recovery  time  is  approximately  equal  to  storage  time, 
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TO  SAffP*  INC. 
SCOPE 


Figure  11-35.  Diode  Storage  Time  Test  Circuit 
I STORAGE  TIME  ] 


SIGNAc  VOLTAGE  | 

Figure  11-36.  Diode  Storage  Time  Waveform 


c _ tfn  (1  ♦ 10  i.A/10  mA)  , ,n7  , ■. 

r - 1 = 1 M x 10  l"!rtI 


t can  now  be  found  as 


- 1.15  x 13  seconds 


2n ( 1 . 38  x '0  Hz) 


g.  Computer  Examples 

To  verify  the  charge  storage  feafurps  of  the  diode  model, 
a simulated  storage  time  circuit  was  encoded  The  diode  frequency  param- 
eter may  be  comouted  from  the  simulatod  storage  time.  This  frequency 
parameter  may  be  compared  to  the  frequency  parameter  used  to  develop  the 
mode  1 . 

The  storage  time  test  circuit  was  simulated  by  use  of  the 
SPICE  computer  code.  The  storage  time  test  circuit  is  illustrated  in 
figure  11-37.  The  input  listing  for  this  run  is  given  in  figure  II-38. 
The  test  circuit  output  is  listed  in  figure  11-39.  The  output  parameter 
is  the  voltage  at  node  6 which  is  designated  by  asterisks.  This  voltage 
is  across  50  ohms;  therefore,  the  dJode  current  is  known. 


“1 


Figure  11-37.  Diode  Storage  Time  Test  Circuit 
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Figure  IIr39.  Simulated  Storage  Time  Waveform 
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The  diode  forward  current,  Ip,  is  about: 


>rTn= 10  "A 


The  diode  transient  reverse  cur:ent.  Ip  , is  about: 


0.5  V 

WT 


= 10  mA 


The  storage  time  can  be  seen  to  be  about  8 ns.  The  frequency  parameter, 
F,  can  now  be  calculated  as: 


<?n  (1  ♦ 10  mA/10  mA) 


i (1  ♦ ;o 

'~2/T73~ 


F = 13.8  MHz 

The  experimental  frequency  parameter  used  to  develop  the  diode  model  is 
also  13.8  MHz. 

8.  I'hotocurrent  Effects 
a.  Description 

A P-N  diode  junction  exposed  to  a pulse  of  ionizing  radi- 
ation will  produce  a photocurrent  due  to  the  interaction,  between  .he 
junction  and  toe  hole-election  pairs  produced  by  the  radiation.  The 
amplitude  of  the  photocurrent  is  proportional  to  the  dose  rate  of  the 
radiation  exoosure  and  to  the  volume  of  the  semiconductor  contributing 
hole-electron  pairs  to  the  conduction  process., 

A convenient  unit  of  ionizing  radiation  is  the  rad.  One 

rad  deposits  100  ergs  of  energ>  in  1 gram  of  the  irradiated  material.  In 

13  3 

silicon,  1 rad  produces  4 x 10  hole-electron  pairs/cm  . This  constant 
is  the  generation  rate  for  silicon. 

The  diode  photocurrent  consists  of  two  components,  fhe 
prompt  component  consists  of  electron-hole  pairs  generated  within  the 
depletion  volume  at  the  metallurgical  junction.  Carriers  produced  in 
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this  volume  are  immediately  swept  cut  by  the  high  electric  field  which 
exists  in  this  region.  Nonequilibrium  minority  carriers  produced  in  the 
quasineutral  region  bordering  the  depletion  region  may  be  swept  across 
the  junction  it  the  carriers  can  reach  the  depletion  region  edge  before 
recombining.  The  average  distance  minority  carriers  travel  before  recom- 
bination is  called  the  diffusion  length.  The  delayed  photocurre.it  compo- 
nent will  consist  ot  generated  minority  carriers  produced  within  one 
diffc>ion  length  of  the  depletion  region  edge.'  A time  delay  occurs  due 
to  the  finite  time  required  for  the  minority  carriers  to  reach  the  deple- 
tion region. 

A complication  arises  in  that  the  behavior  of  minority 
carrier  electrons  differs  from  minority  carrier  holes.  The  photocurrent 
expressions  presented  make  the  simplifying  assumption  that  only  one  type 
of  minority  carrier  dominates  the  photoresponse. 

The  physical  parameters  required  to  predict  photocurrent 
are  best  determined  from  knowledge  of  the  device  material  and  geometry. 
Since  such  information  is  not  normally  available,  methods  for  estimating 
physical  parametei s from  terminal  measurements  are  given.  Such  tech- 
• niques  must  be  regarded  as  only  "best  guesses"  to  be  made  in  the  absence 
of  other  sources  of  information. 

b . Advantages 

Evaluation  of  the  photocurrent  expressions  allows  the 
detailed  prediction  of  photoresponse  for  complex  electronic  circuits. 
Experimental  photocurrent  inclusion  allows  a quick  and  simple  method  of  ■ 
transient  response  analysis. 

c . Cautions 

9 

For  dose  rates  greater  than  1 x 10  rad  (Si)/sec,  photo- 
cur  ent  amplitudes  do  not  necessarily  scale  linearly  with  increasing  dose 
r^e.  Therefore,  experimental  data  are  usually  necessary  to  accurately 
^^model  photoresponse  in  this  region.  Also,  the  diffusion  component  of 
photocurrent  is  highly  dependent  on  minority  carrier  lifetime.  Since 
lifetime  i?  difficult  to  determine,  purely  theoretical  predictions  of' 
photocurrent  amplitude  and  decay  times  are  rot  reliable  at  any  dose  rate. 
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d.  Chai acteri sties 

The  placement  of  the  photocurrent  generator  in  the  diode 
model  is  illustrated  in  figure  11-40. 


Figure  11-40.  Photocurrent  Inclusive  Diode 
e . Oef iring  Equations 

Four  descriptions  of  the  photocurrent  generator  are  con- 
sidered: 

■ (1)  Piecewise  linear  table  describing  photocurrent  from  experi- 
mental data.  This  method  has  the  advantage  of  accuracy  and 
ease  of  implementation.  The  main  disadvantage  is  the  lack  of 
flexibility. 

(2)  Wirth  and  Rogers  (ref.  11-2)  have  performed  an  evaluation  of 
photocurrent  for  a rectangular  pulse  width  with  the  following 
result. 


#Ipp(t)  - h gA 


W + L erf  ( i/x ) ' 


U(t) 


r 1 L 

' 

J 

/t  - t J 

* 

W *■  l erf  

u(t  - tp)| 

4 4 V i 

. - 

1 

* ' V ‘VI.  . 


(3)  For  nonrectanqular  radiation  pulses,  the  photocurrent  can  be 
predicted  more  accurately  if  a convolution  integral  is  used  to 
relate  the  time  dependent  rate  nf  radiation  exposure  to  the 
photocurrent  production. 


(4)  Examination  of  the  plots  of  the  Wirth  and  Rogers  equation 

reveals  that  the  photocurrent  waveshapes  can  often  be  estimated 
as  a double  exponential.  This  expression  is: 


f.  Parameter  List 


Ipp  = the  diode  photocurrent 

W = effective  depletion  region  width 

L = diffusion  length 

x ~ minority  carrier  lifetime 

Y(t)  = ' time  dependent  radiation  pulse 

YP  = peak  value  of  radiation  pulse 

C = an  empirically  determined  scaling  factor  reflecting 
material  and  geometric  constants 
g = generation  rate  in  silicon' 

tp  - radiation  pulse  width 

U(t)  = unit  step 

tp2  ~ radiation  pulse  termination  time 
Tp  = time  constant  for  waveform  falling  edge 
t^  = radiation  pulse  initiation  time 

tp  = time  constant  for  waveform  rising  edge 
\ = dummy  variable  for  integration 

t = time 


g.  Parameterization 
1)  W 

a)  Definition 

W is  the  width  of  the  depletion  region  at  the 
metallurgical  junction.  The  value  of  W is  voltage  dependent,  but  a 
constant  approximation  may  be  used. 

b)  Typical  Value 

-4 

A typical  value  for  W is  1 x 10  cm. 

c)  Measurement 

W can  be  estimated  from  the  values  of  the  break- 
down of  the  junction.  By  making  the  assumption  that  the  junction  is 
abrupt  and  planar,  W at  the  breakdown  voltage  may  be  estimated  as: 


-1? 

e = The  permittivity  of  the  material  (1.04  x 10  ~ F/cm 

for  silicon) 


The  depletion  width  at  zero  bias  can  now  be  calculated  as: 


d)  Example  ~ 1N914 

The  breakdown  voltage  of  the  1N914  being  modeled 
is  150  volts.  The  width  of  the  depletion  region  at  this  bias  is: 


W 


W 


2 (1.04  x 10~1?  F/cm)  (150  V) 
(i.6  x 10“ 19  cj^l 50/2.72  . 1012) 

8.94  x 10  ^ cm  at  Vgg 


u _ 8.94  x 10 
W0  ~ 


-4 


cm 


U - (-150)" 

L 06  J 


0.0181 


= 8.09  x 10 


-4 


cm 


2)  I 

a)  Definition 

t is  the  lifetime  of  the  predominant  minority 
carrier  produced  by  ionizing  radiation. 

b)  Typical  Value 

A typical  value  of  t is  10  nanoseconds.  A range 
of  0.1  ns  to  1 ps  is  common. 

c)  Measurement 

An  approximation  for  t is  the  charge  storage 

factor,  t , , discussed  earlier— 
cs  , 

d)  Example  - 1N914  1 

The  value  of  t „ obtained  for  the  1N914  from 
-a  cs 

data  sheets  was  1.15  x 10  seconds.  Therefore,  the  estimate  of  r is 
*8 

1.15  x 10  seconds. 
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3)  L 

a) 


Definition 


L is  the  diffusion  length  of  the  predominant 
minority  carrier.  It  is  the  average  distance  a carrier  will  diffuse 
before  recombining. 

b)  Typical  Value 

A typical  value  for  L is  10  pm.  The  maximum 
value  of  L is  of  the  order  of  1 cm  in  undoped  silicon.  Minimum  values 
are  less  than  1 pm. 

c)  Measurement 

L can  be  determined  from  the  expression 

l VTT 

where  fl  is  the  carrier  diffusion  constant.  At  room  temperature,  the 

2 

electron  diffusion  constant  varies  from  approximately  30  cm  /sec  to  35 
2 

cm  /sec,  depending  on  the  doping  level.  The  corresponding  hole  diffusion 

constants  are  12  and  11.  Because  the  variations  of  D and  D are  small 

n p 

in  the  range  of  interest,  they  may  be  chosen  as  constants.  If  it  is  not 
known  whether  electrons  or  holes  are  the  predominant  minority  car-ier, 
several  facts  may  help: 

(1)  The  substrate  material  into  which  the  diffusion  was  made  gen- 
erally determines  the  predominant  minority  carrier.  The  domi- 
nant carriers  will  be  electrons  if  the  substrate  is  P-type,  or 
holes  if  N-type. 

(2)  Planar  process  diodes  are  generally  produced  using  N-type 
substrates. 

d ) Example  - 1N914, 

bince  no  details  about  the  IN914  substrate  are 

readily  available,  an  N-type  substrate  will  be  assumed.  A diffusion 
2 

constant  of  12  cm  /sec  will  be  chosen.  L can  now  be  solved  for  as: 
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L - -J  ( 12  cm2/sec)(l.  15  x 10‘8)  sec 
L - 3.71  x !0~4  c,n 

4)  C 

a ) Def ini tion 

C is  an  empirically  determined  constant  which 
scales  the  value  of  predicted  photocurrent  to  correspond  to  actual  observed 
levels. 

b)  Typical  Value 

The  theoretical  value  of  C is  6.46  x 10  8 times 

2 

the  area  (cm  ) of  the  diode. 

c ) Measurement 

If  radiation  data  are  not  available. 

C = A q gQ 

If  radiation  data  are  available. 

Ipp  <steady  state) 

C 1 1,1  1 

(W  + L)  y (steady  state) 

d)  Example  - 1N914 

Experimental  photocurrent  data  from  measurements 
lor  a 1N914  are  shown  in  table  1 1-5. 
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TABLE  11-5  MEASURED  PHO I OCURREN T S FOR  !N9!4 


i_ 

_P£ 

i . 16  x 

10" 

100  mA 

1.59  x 

10" 

100  mA 

1.67  x 

10" 

80  mA 

2.03  x 

10" 

120  mA 

2.53  x 

10" 

100  mA 

2.50  x 

10" 

100  mA 

W at  -60  V is: 


W - 8.09  x 10'4|l  - 


■ , . (-60  V)TJ- 

1 T:rv 


0181 


W = 8. 79  x IO"4  cm 
Applying  the  approximation 
I 


C = 


Y (W  ♦ L) 

yields  the  results  shown  in  table  11*6. 

TABLE  1 1-6.  DETERMINATION  OF  C 


1.16 

X 

10"  , 

6.00 

X 

io'10 

1.59 

X 

101' 

5 03 

X 

IQ'10 

1 . 1-7 

X 

10" 

3.83 

X 

io*io 

2.03 

X 

10" 

4.73 

X 

10"10 

2.53 

X 

10"  ■ 

3.  16 

X 

io'10 

2.50 

X 

10" 

3.20 

X 

10'10 

-60  V 


I = 4.48  x !0'  0 
The  theoretical  value  for  C is: 

C - (1.6  x !0'19  C)(4  x 10 1 3/rad)(  1 . 25  x 10‘4  cm) 


C = 8.26  x 10 


-10 


5) 


D2  ’ 


tF’  tr 


a)  Definition 


tp j and  t p are,  respectively,  the  radiation 
pulse  initiation  time  and  the  time  constant  for  the  rising  eGge  of  the 
photocurrent.  Similarly,  t^  and  Tp  are  the  pulse  termination  time  and 
the  time  constant  for  the  railing  edge. 

b)  Measurement 

*02’  TF’  ’ dnc*  tR  c‘ n f°und  by  examination 
of  the  phctocurrent  waveform  as  illustrated  by  figure  11-41. 


Figure  11-41.  Photocurrent  Waveform 
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The  rise-  and  falltime  constants  may  be  estimated 
by  recalling  that  an  exponential  reaches  98  percent  of  the  steady  state 
value  in  four  time  constants. 

h.  Implementation  Notes 

The  error  function  may  be  approximated  by  using  the  follow- 
ing expansion  of  erf. 

erf  X = 1 - ^1  + B^X  + B2X2  + B^X3  + B4X4 


where: 

E1  = 0.278394 
B2  = 0.2oC388 
B3  = 0.000973 
B4  = 0.078108 

error  < 2.5  x 10 


A subroutine  which  implements  the  convolution  integral 
photocurrent  solution  is  very  useful  for  photocurrent  predictions. 


sed  to  compute 
ode  as  a 


Subroutine  PPC  (ref.  1 1-3),  shown  in  figure  11-42,  may  be  us 
a photocurrent  waveform  for  input  into  a circuit  analysis  cc 
ta^e. 

■ i . Computer  Example 

The  PPC  subroutine  was  applied  to  predict  the  photoresponse 
of  a diode  exposed  to  a peak  dose  rate  of  1.16  x 10^°  rad  (5 
(estimated  by  dosimetry).  The  test  was  made  at  zero  volts 
ionizing  waveform  was  estimated  to  be  as  in  figure  11-43. 
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Figure  1 1 -4Z . Subroutine  PPC 
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Figure  11-43.  Ioni zing  Waveform 

The  computer  listing  for  the>  prediction  is  given  in  figure 
II  44.  Ihe  results  of  this  program  are  plotted  in  figure  11*45.  A 
comparison  with  the  actual  test,  figure  11-46,  shows  agreement  within  50 
percent.  The  predicted  peak  photocurrent  was  about  8 mA-  the  xperi- 
mental  peak  photocurrent  (at  a current  probe  response  of  5 mV/mA)  was 
14.4  mA. 

9.  Neutron  Effects 
a.  Description 

Displacement  damage  produced  by  neutron  irradiation  destroys 
the  crystalline  structure  of  the  semiconductor  altering  the  electrical 
behavior  of  the  material.  There  is  a tendency  for  the  crystal  1 1 nr  struc- 
ture to  reorder  itself  under  the  influence  of  time,  temperature,  and 
bias.  Hence,  the  fluence  dependent  electrical  characteristics  tend  to 
recover  (anneal)  toward  their  preirradiation  level  under  the  influence  of 
time  and  temperature.  This  process  tends  to  occur  more  rapidly  at  short 
times  after  exposure  (rapid  anrealing)  if  current  densities  are  high. 

The  analyst  should  determine  if  short  te-m,  post  exposure  predictions  or 
longer  term  problems  are  to  be  considered. 

The  neutron  flux  is  the  number  of  particles  per  second 
passing  through  a sphere  of  unit  cross-sectional  area.  For  a normal 
beam,  the  sphere  would  reduce  to  planar  area  of  unity.  Fluence  is  the 
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P lotocurrent  Prediction 
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Listing 


iujce 


i v|'»‘r inonta  i •"■h*itocu»***ont 


I I - \J 


1 

time  integral  of  flux  and  has  units  of  neutrons/cm',  ihe  amount  of 
damaga  produced  by  a neutron  exposure  is  also  a function  of  the  energy 
spectrum  of  the  neutrons.  The  mo»eling  procedures  discussed  here  assume 
that  the  analyst  has  been  provided  with  the  equivalent  neutron  fluence  in 
terms  of  neutrons  with  energies  or  1 MeV. 

The  three  major  effects  of  neutron  damage  on  semiconductor 

devices  are. 

(’1)  Increased  density  of  recombination  centers  resulting  in  a 

decrease  in  minority  carrier  lifetime  and  increased  generation 
currents. 

(2)  A carrier  removal  effect  which  effectively  "counter-dopes"  thr 
semiconductor,  resulting  in  mere  lightly  doped  regions.  This 
in  turn  causes  the  equilibrium  majority  carrier  concentration 
to  decrease  and  the  equilibrium  minority  carrier  concentration 
to  increase. 

(31  Mobility  decreases  due  to  the  increased  damage. 

The  effect  of  this  damage  will  be  to  increase  the  diode 
leakage,  emission  constant,  and  bulk  resistivity.  For  taose  diodes 
having  extremely  low  breakdown  voltages,  where  the  breakdown  if  the 
result  of  band-to-band  tunneling,  the.  introduction  of  additional 
generati jn- recombination  centers  can  lower  the  breakdown  voitage.  Diodes 
with  high  breakdown  voltages  may  exhibit  carrier  removal  effects  *hich 
result  in  resistivity  increases.  Minority  carrier  lifetime  degradation 
may  result  in  a decrease  in  the  diffusion  capacitance  of  diodes  which 
originally  had  long  storage  times.  To  model  these  effects,  variations 
may  b^  required  in  values  for  1^,  R^,,  Cg,  and  M. 

b.  Advantages 

Inclusion  of  neutron  damage  effects  on  model  parameters 
permits  the  analyst  to  predict  circuit  degradation  as  a result  of  neutron 
exposure 

c.  Cautions 

Experimental  data  are  the  most  reliable  souice  of  neutron 
degradation  information.  However,  neutron  irradiation  facilities  are  not 


available  to  most, analysts.  The  CRIC  data  base  (ref.  II-4)  provides  post 
exposure  characteristics  of  device  types.  It  should  be  used  as  the 
second  most  desirable  source  of  data.  Neutron  degradation  theory  is 
generally  quite  sophisticated.  However,  some  knowledge  of  preirradiation 
minority  carrier  lifetime  (x)  is  generally  required  in  order  to  apply  the 
theory.  Since  x is  difficult  to  determine,  the  results  of  theoretica1 
predictions  should  only  be  considered  approximations. 

d.  Characteristics 

The  topology  required  for  the  neutron  susceptible  diode  is 
illustrated  in  figure  11-47. 

A typical  pre-  and  postirradiation  diode  characteristic  is 
illustrated  in  figure  11-48. 

e.  Defining  Equations 

For  recombination  rate  per  carrier: 


R = Rq  ► k<j> 


There  are  no  exact  values  of  k.  However,  typical  values  are  4 x 10  D to 
6 x 10  ® cm^/n-: 

N-type  silicon. 


“6  ? _c  p 

6 x 10  cm  /n-s  for  P-type  silicon  and  6 x 10  to  9 x 10  cm/n-s  for 


For  impurity  concentration: 


N = N0  - ♦ 


dN 

3$ 


dN/d<>  is  the  carrier  removal  rate  and  usually  lies  between  1.5  and  3.0 
carriers/n-cm  for  P-type  silicon  and  1.0  and  4 carriers/n-cm  for  N-type 
silicon. 

Other  relevant  expressions  are: 


l = L + £_ 

x x^  IT 


F,gu re  Ir'4;'  T°f,oi^y  for  Neutron  Susceptible  Diode 


which  is  obviously  related  to  the  1 ecombi nation  rate,  and 


M 


Mobility  changes  are  usually  insignificant  relative  to  other  effects. 

10.  Burnout 

a.  Description 

A nuclear  event  produces  large  amounts  of  electromagnetic 
energy  which  may  be  coupled  to  an  electronic  circuit.  The  large  tran- 
sient voltages  and  currents  produced  by  the  EMP  (electromagnetic  pulse) 
may  produce  catastrophic  failure  of  semiconductor  devices  by  destructive 
heating  of  the  above  device.  Junctions  usually  fail  while  being  pulsed 
in  the  reverse  biased  mode  due  to  the  higher  power  dissipations  possible. 
This  implies  that  reverse  breakdown  must  be  included  in  the  model  if  an 
EMP  assessment  of  the  circuit  is  to  be  made. 

Electrical  overstress  may  produce  a failure  of  a forward 
biased  junction.  Because  of  the  lower  voltage  drops  associated  with  a 
forward  biased  junction,  much  higher  current  levels  are  reguired  to  fail 
a forward  biased  junction  as  opposed  to  a reverse  biased  junction. 

Because  of  the  high  current  levels,  voltage  drops  along  the  bulk  regions 
of  the  diode  become  important.  Forward  bias  failures  can  be  predicted  in 
a similar  manner  as  reverse  biased  failures  if  the  general  form  of  the 
Wunsch  expression  is  applied.  It  has  been  observed  that  the  Wunsch 
constant  for  the  forward  region  is  roughly  10  times  the  Wunsch  constant 
for  the  reverse  region. 

Metallization  failures  may  become  important  for  MOS  ■'nte- 
grated  circuits  and  other  circuits  which  utilize  narrow  metallization  due 
to  low  power  requirements.  The  failure  is  due  to  the  destructive  ohmic, 
heating  of  the  metal lizatipn  interconnects.  Often,  the  failure  will 
occur  at  an  oxide  step  on  the  circuit  because  of  thin  films  which  form  at 
the  step.  Metallization  failure  has  been  observed  after  device  destruc- 
tion when  the  junction  shorts  due  to  heating.  If  overstress  test  data 
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are  not  available  to  indicate  the  nature  of  the  failure  mode  of  a device, 
metal  1 ization  failure  should  not  be  considered  a likely  occurrence  unless 
MOS  or  low  power  integrated  circuits  are  being  considered. 

Two  procedures  are  established  for  modeling  junction 
burnout.  One  is  based  on  the  average  power  delivered  to  a junction  and 
is  suitable  for  rectangular  overstress  pulses.  The  other  procedure  is 
based  on  a thermal  analogy  model  and  is  suitable  for  any  waveshape. 

The  most  straightforward  procedure  for  modeling  the  failure 
characteristics  is  to: 

(1)  Monitor  the  current  and  voltage  for  the  device  of  interest. 

(2)  Compute  an  average  power. 

(3)  Compare  the  calculated  power  to  the  calculated  failure  thresh- 
old given  by  P = t 

where: 

P = failure  power 

= device  damage  constant  (Wunsch  constant) 
t = overstress  pulse  width 

The  thermal  analog  circuit  allows  the  prediction  of  burn- 
out from  codes  which  have  no  subroutine  capability.  The  one  dimensional 
lumped  element  for  heat  flow  is  shown  in  figure  11-49.  Since  junction 
power  is  the  known  thermal  quantity,  the  electrical  analogy  of  the  heat 
source  should  be  a current  source.  When  the  temperature  (voltage)  of  the 
analog  circuit  rises  above  some  failure  temperature,  a simulated  device 
failure  occurs. 

The  literature  suggests  several  possible  failure  temper- 
ature criteria,  one  of  which,  the  intrinsic  temperature,  is  that  tempera- 
ture at  which  the  intrinsic  carrier  concentration  becomes  equal  to  the 
semiconductor  doping  density, 
b.  Advantages 

A power  monitoring  suoroutine  or  thermal  analog  allows  the 
analyst  to  examine  the  possibility  of  device  fai’ure. 
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c.  Caut ions 

Knowledge  of  the  damage  constant,  K,  is  required  for  the 
device  to  be  analyzed,  for  the  thermal  analog  circuit,  knowledge  of  the 
device  failure  temperature  is  needed.  Inclusion  of  a power  monitoring 
subroutine  or  thermal  analog  will  increase  the  complexity  of  an  analysis. 

d.  Character istics 

A typical  waveform  of  a device  subjected  to  a destructive 
step  voltage  is  illustrated  in  figure  11-50. 

e.  Defining  Equations 


P r A | I = K t 

FAIL  w 


-1/2 


f.  Parameterization  (K  ) 

w 

1 ) Definition 

Kw  is  the  constant  which  relates  the  power  required 
to  fail  a diode  to  the  time  the  power  is  applied. 

2)  Typical  Value 

1/2 

A typical  value  of  K is  0.1  watt-sec  . The  value 
of  Kw  depends  on  device  area  and  fabrication  details. 

3)  Measurement 

K cjn  be  determined  by  applying  rectangular  voltage 
pulses  to  reverse  biased  diodes.  The  pulse  length  should  be  varied 
between  10j  ns  and  100  ps.  The  pulse  amplitude  is  gradual ly  increased 
until  the  device  does  not  meet  its  specifications.  K ;s  then  calculated 

as:  •' 

K = IV  VT 

where: 

I = the  failure  current  level 
V = the  failure  voltage  level 
t = the  failure  time 


\ 


l 


1 

I 


1 


11-/7 


At  least  six  devices  should  be  tested  at  3 pulse  widths  to  obtain  an 
average  value  of  K^. 

4)  Example  - 1N914 

The  Wunsch  constant  for  the  1N914  was  obtained  through 
published  experimental  results.  The  experimental  values  of  obtained 
were: 

7. 2 x 10  ^ watt-sec** 

2.1  x 10  ^ watt-sec** 

9.6  x 10  ^ watt-sec** 

R =0.126  watt-sec*5 

w 

9-  Implementation  Notes 

The  average  power  model  tor  detecting  semiconductor  damage 
is  contained  in  the  FORTRAN  subroutine  FBUKN.  rBURN  is  included  in  the 
computer  example  of  the  following  section. 

Ik  Compute-  Example 

As  an  example  of  the ■ implementation  of  a power  monitoring 
subroutine,  F8URN,  the  1N914  diode  model  was  subjected  to  0.3  amps  reverse 
bias  as  shown  in  figure  11-51.  Since  the  breakdown  voltage  was  150  volts 
and  the  K for  this  test  was  0.126  watt-sec*1,  the, failure  time  should 
be:  ' 

t = £(0.3  A)( 

t = 7. 84  ps 
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IbO  V)/0. 126  watt-sec 


,r2 


I 

o 

Figure  11-51.  Burnout  Simulation  Circuit 

The  listing  for  this  test,  including  FBURN,  is  given  in 
figure  11-52.  The  failure  flag  produced  by  FBURN  is  shown  in  figure 
11-53.  The  failure  time  indicated  by  FBURN  is  7 ps. 

1 1 . Total  Dose  Effects 

The  --..cumulated  ionizing  dose  damages  semiconductor  surfaces. 
The  ionizing  radiation  produces  positive  charge  within  the  oxide  at  the 
semiconductor  surface.  The  number  of  surface  energy  states  is  increased. 
The  total  dose,  erfect  on  planar  diodes  is  to  produce  a junction  leakage 
term  which  may  be  large  relative  to  the  initial  leakage  but  usually  less 
than  100  nA. 

12.  Code  Implementation  , 

Circuit  analysis  computer  codes  differ  in  nomenclature  and 
details  of  model  formulation.  The  purpose  of  this  section  is  to  present 
a table  which  will  allow  the  analyst  to  convert  the  modeling  handbook 
oarameters  to  a form  acceptable  to  several  network  analysis  codes. 

The  computer  programs  chosen  are  coJes  which  have  found  much 
utility  as  tools  to  study  the  radiation  response  of  electronic  circuits 
and  systems  These  codes  are  CIRCUS  2,  TRAC,  SCEPTRE,  NET-?,  and  SPICE. 

Column  one  of  the  conversion  taole,  table  II-7,  contains  the 
symbols  of  model  parameters  as  developed  by  the  mottling  handbook  and  the 
units  used  to  form  a consistent  set.  The  following  columns  list  the 
equivalent  parameter  for  a computer  code.  The  symbology  and  preferred 
units  of  the  code  are  given.  The  last  column  is  a list  of  typiral, 
conservative  parameter  values  which  may  be  applied  in  the  event  of  an 
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incomplete  data  set.  When  utilizing  a detac.lt  value,  a "units"  conver- 
sion may  be  required  to  main*a^n  a consistent  set  of  parameters  within  a 
given  code. 

13.  Llnvill  Lumped  Model  of  The  Diode 

a . Introduction 

rhe  Linvill  lumped  model  is  presented  in  this  section  to 
introduce  the  .analyst  to  an  alternate  appsoach  to  the  modeling  process. 

The  Linvill  lumpe*  model  uses  element,  tnat  represent  actual  Dt./sical 
processes  to  describe  the  diode.  The  previous  dicoe  .models  treat  only 
the  terminal  behavior  of  the  device. 

The  Linvill  model  allows  greater  insight  into  the  physical 
processes  occurring  in  the  diode.  ^ disadvantage  of  the  Linvill  !umped 
model  is  the  inability  to  directly  obtain  the  values  of  the  Linvill 
elements.  For  this  reason,  Linvill  model  is  a more  appropriate  tool  for 
analyses  considering  the  effect  cf  material  nr  fabrication  variations  on 
device  and  circuit  p?rforman:e.  The  interaction  between  radiation  effects 
at  the  basic  material  level  :nd  their  manifestation  in  the  electrical  . 
behaviorot  the  diode  is  easi ly. simulated  by  the  model.  The  following 
presentation  contains  Doth  electrical  effects  and  radiation  effects  in 
the  Linvill  terminology. 

The  Linvill  model  provides  great  flexibility  in  modeling 
material  variations  in  the  diode  structure  and  demonstrating  the  result 
of  tiiese  variations  on  terminal  performance.  For  example,  diodes  con- 
structed with  an  epitaxial  layer  can  have  both  the  characterist 'rs  af  the 
epitaxial  layer  and  the  substrate  included  individually  by  the  incorpora- 
tion of  appropriate  elements  in  the  model. 

Only  the  NE circuit  analysis  code  has  Linvill  elements 
which  may  be  utilized  directly  in  the  construction  of  a Linvill  lumped 
model.  The  model  cannot  be  used  directly  in  any  other  erde  addressed  in 
the  handbook. 

b.  Basic  Concepts 

Consider  the  diode  shown  in  the  schematic  of  figure  TI-54 


i 


i ■ 
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Figur?  11-54.  Diode  Structure 

A slice  of  material  AX  is  shown  in  the  sutstrate  material, 
ftps  slice  forms  a volume  AX-A  where  A is  the  area  of  the  diode.  A 
fundamental  equation  of  semiconductor  physics,  the  continuity  equation 
describes  the  processes  occurring  within  a semiconductor  volume  as: 

fl)  The  flow  of  minority,  carriers  into  the  volume. 

(2)  Thu  flow  of  minority  carriers  out  of  the  volume. 

(3)  The  recombination  of  carriers  within  the  volume. 

(4)  The  generation  of  carriers  in  the  volume. 

(5)  The  storage  of  minority  carriers  in  the  volume. 

The  usual  procedure  is  to  make  the  vermes  approach  zero 
and  then  contend  with  the  resulting  partial  differential  equations. 

The  Linvill  model  leaves  the  volumes  finite.  The  volumes 
are  usually  formed  by  slicing  the  device  parallel  to  the  junction  region 
so  that  the  problem  is  one  dimensional.  The  accuracy  versus  simplicity 
trade-off  is  made  in  determining  the  thickness  and  number  of  slices. 

■ The  Linvill  elements  are  functions  of  the  minority  carrier 
concentrations  in  the  region  (holes  if  N-type,  electrons  if  P-type). 

Each  element  represents  a portion  of  the  continuity  equation.  Diffusance 
represents  the  movement  of  carriers  when  a carrier  gradient  is  formed. 
Storance  represents  charge  flowing  into  a volume  but  not  leaving  the 
volume.  Combinance  represents  the  loss  of  minority  carriers  through 
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recombination.  Oriftaoce  ropiv^entb  carrier  , notion  produced  by  an  elec- 
tric field.  The  defining  equations  of  the  linvill  elements  are  given  in 
figure  11-55.  The  clement  symbols  are  used  without  the  p-n  subscripts 
when  the  material  type  is  undefined. 

The  "slices"  of  s semiconductor  are  tepresehted  by  Linvill 
lumps.  These  lumps  are  valid  only  in  quas i neutral  regions;  that  is, 
where  no  depletion  exists.  The  Linvill  elements  represent  the  physical 
processes  occurr’ng  in  the  lumps.  A Linvill  lump  is  shown  in  figure 
I1-5G.  The  current  flow  through  the  Linvill  elements  depends  only  o.i  the 
value  of  minority  carrier  concentrator  at  the  minority  carrier  node  as 
defined  in  Mgure  11-55. 

The  junction  region  model  is  illustrated  by  figure  11-57. 

The  minority  carrier  concentrations  at  the  depletion  boundaries  are 
defined  as  a function  of  the  voltage  across  ti<e  junction  and  the  equil- 
ibrium minority  carrier  concentrations  n and  p . The  P-N  junction 
J pc  rno  J 

model  defines  th'  boundary  conditions  for  minority  carrier  concentrations 
and  all  dioae  u- - : it  is  a consequence  of  the  charge  at  the  junction, 
c.  0 1 ode  Mode  1 i nq 

The  choice  of  the  number  and  placement  of  the  lumps  for  a 
diode  is  a matter  of  judgment.  Only  as  few  lumps  as  are  required  for 
correct  results  to  a problem  should  be  used.  Some  general  rules  are 
available. 

Diodes  in  wnich  one  side  is  heavily  doped  cumpared  to  the 
other  side  may  be  modeled  by  including  lumps  on  only  the  Tightly  doped 
side.  This  simplification  requires  the  assumption  that  minority  carrier 
injection  into  the  heavily  doped  side  is  insignificant.  Tn  the  simplest 
fo~m  only  one  lump  may  be  used.  This  model  will  be  adequate  fo-  only  the 
dc  or  slow  behavior  of  the  diode.  Two  lumps  would  p^cd^ce  a better 
simulation  of  the  transient  behavior.  Often  the  "slices"  of  the  two  lump 
model  are  given  different  widths.  Typical  values  are  1/2  and  3L/2  whe'-e 
L is  the  diffusion  length.  The  tvo  lump  model  will  predirt  a more  accurate 
storage  time  but  will  yield  significant  errors  in  predicting  the  ratio  of 
reverse  to  forward  current.  For  better  results,  more  lumps  are  needed. 
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^ HdN  = Hdn 


where 


^dN  = <^1^usance  element 
P = minority  carrier  hole  concentratic 

i = current 


< - s ip 

SN  N dt 


where 


= the  storance  element 


Vn  * hcn 


where 


" the  combinance  element 


'on  * °N  (".I1*  - V*» 


where 


= the  drlftance  element 


Figure  11-55.  Linvill  Lumped  Elements  for  N and  P'  Material 
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* 

i 


HdP 


Na(t)^ 


-<»Nb.(t) 


where  H 
N 


’HdP  = HdP  (y*)  - Nb(t)» 

dp  - the  diffusance  element 

= minority  currier  electron  concentration 

S' 


N(t)  o- 


where 


1SP 


<•  dN 
P dt 


Sp  3 the  storance  element 


N(t)  «. 


'hcp  ■ '!CP  "(t) 

where 

HCP  = the  combinance  clement 


yt) 

— O 

where  0p  * the  driftance  element 

Figure  11-55.  Linvill  Lumped  Elements  for  N and  P Material  (Concluded) 
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MINORITY  CARRIER  NODE 
Figure  11-56.  Linvill  Lump 


Figure  11-57.  Representation  of  Junction  Region 


For  the  case  where  neither  s’’de  of  the  junction  is  heavily  doped,  lumps 
are  required  on  each  side  of  the  junction. 

d.  Inclusion  of  Radiation  Effects 

The  Linvill  lumps  will  represent  the  physical  changes 
induced  by  radiation.  Ionizing  radiation  will  produce  an  additional  term 
for  the  charge  generation  current  element  which  will  be: 

lg  = % Hc  + ^ q gQ  AX  A 

where: 

mQ  = the  equilibrium  minprity  carrier  concentration 

gQ  = the  generation  rate 

AX  = the  width  of  the  "slice11 

A = the  area  of  the  "slice" 

H = the  value  of  the  combinance  element 
c 

A current  generator  across  the  Linvill  junction  is  required  to  model  the 
prompt  component.  This  current  generator  will  have  the  value: 


ip  = Yd  % WA 


where  W is  the  depletion  region  width. 

Neutron  damage  will  alter  the  values  of  the  LV  vill  ele- 
ments. Carrier  removal  effects  will  alter  the  equilibrium  values  of 
minority  concentrations.  The  increased  number  of  recombination  sites 
produced  by  radiation-induced  displacement  may  d’astically  alter  the 
value  of  the  combinance  element.  And  finally,  mobility  changes  will 
affect  the  values  of  the  diffusance  and  driftanci*  elements.  The  radia- 
tion sections  of  this  chapter  indicate  some  of  the  quantative  changes 
which  occur  to  the  physical  behavior  of  semiconductor  material.  The 
Linvill  alterations  of  the  Linvill  element  valued  must  reflect  these 
changes. 
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To  illustrate  the  implementation  of  a Li nv ill  diode  by  a 
circuit  analysis  code,  e Linvill  model  of  the  1N914  was  developed  by  use 
of  estimation  techniques.  This  example  is  illustrated  in  the  next  section, 
e . Example  Linvill  Diode  Model 

1 ) Description 

The  Linvill  lumped  model  uses  elements;  that  rep' nsent 
actual  physical  processes  to  describe  the  diode.  Neutron,  photocurrent, 
and  failure  effects  may  be  simulated. 

2)  Advantages 

The  Linvill  model  gives  greater  insiqht  into  the 
nature  of  semiconductor  devices. 

3)  Cautions 

The  one  lump  model  presented  does  not  model  second 
order  effects.  Transient  behavior  is  not  adequately  modeled.  The  Lin- 
vill elements  cannot  be  determined  directly  from  terminal  measurements. 

4)  Characteristics 

The  radiation  inclusive  on*  lump  model  for  the  1N914 
is  illustrated  in  figure  11-58. 


Figure  11-58.  One  Lump  Model 
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fcquations 


’ = "o  [«P  - l] 


'gx  = Vq  g AW 


?gd  = vq  g AL 

Parameter  List 

® * the  minorHy  carrier  concentration  within 

the  lightly  doped  region  at  the  boundary  of 
the  junction  region 

o = the  equilibrium  minority  carrier  concen- 
tration within  the  lightly  doped  side  of 
the  junction 

q = the  magnitude  of  the  electronic  charge 
V = the  voltage  applied  to  the  junction  region 
k Boltzmann's  constant 
f ~ temperature  in  °K 
S = the  storance  element 
HC  = the  combi  nance  element 
C.j  = the  junction  capacitance 

fw  ' ‘’•“tocwrent  produced  by  gyrated  carriers 
in  depletion  region 

>gd  = photocurrent  produced  by  carriers  generated 
within  one  diffusion  length  of  the  depletion 
region  edge 

g = carrier  generation  rate 
A = junction  area 
W = depletion  width 
t - diffusion  length 


7)  Parameterization 
a)  !? 

m is  the  minority  carrier  concentration  within 
0 , 

the  lightly  doped  region  of  a one-sided  diode.  If  the  N side  is  lightly 

doped,  mo  equals  pnp.  If  the  P side  of  a diode  is  lightly  doped,  mo  is 

equal  to  n m can  be  determined  as: 
po  o 


where  is  the  doping  concentration  on  the  lirhtly  dopeu  side,  Corr  s 
ponding  equations  are: 


no 


N 


0 


;«? 


po 


■r 


where  and  are  the  doping  concentrations  in  the  N and  P regions, 
respectively,  and  n^  is  the  intrinsic  carrier  concentration. 

If  . the  doping  profiles  are  known,  pnfl  and  n can  be 
estimated  directly.  If  no  doping  information  is  available,  then  m can 
be  estimated  from  measurements  and  used  to  calculate  S and  H^.,  but  infor- 
mation about  which  minority  carrier  is  being  dealt  with  will  be  unknown. 

N^,  the  doping  on  the  light  side  of  a diode,  can  be  estimated  as  (one-sided 
abrupt  junction): 
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t 


is  now  calculated  for  silicon  at  '-oom  temperature  to  be: 


. _ 2.1  x 10‘ 

m n 

o Nl 


b)  C. 

1 Definition 

C - . is  a nonlinear,  voltage-dependent  capac- 
itor which  is  associated  with  the  depletion  region  of  a diode. 

2 Typical  Value 

C-  varies  with  bias  voltage  and  is  typically 
2 J 

on  the  order  of  0.3  pf/mil  of  junction  area. 

3 Measurement 

C.  can  be  determined  and  characterized  by 

«J 

the  methods,  developed  inchapter  II. B. 6. 

, 

1 Def ini  tic 

Hc  is  the  value  of  the  combinance  element 
in  the  one- lump  model  presented.  The  compi nance  elemert  represents  the 
recombination  on  nnn^quj 1 ibrium  minority  charge  carriers. 


of  Hj.  is  1 x 10  ^ cm^-A. 


Values  of  vary  widely.  A typical  value 


,3  Measurement 

Hq  can  be  determined  from  the  reverse 


saturation  current  of  the  diode,  1^.  is  first  determined  using  the 
measurement  scheme  developed  in  chapter  II. B. 3.  K,  can  now  be  calculated 


as: 


C ' m_ 
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J_  Definition 

S is  the  value  of  the  storance  element  in 
the  one  lump  model  presented.  The  storance  element  represents  minority 
charge  storage  in  the  neutral,  lightly  doped  side  of  the  diode. 

2 Typical  Value 

Values  of  the  storance  element  may  vary 
1 -24  3 

wide’y.  A typical  value  for  S is  1 x 10  cm  *C. 

3 Measurement 

S can  be  calculated  from  t values,  t 

cs  cs 

values  can  be  determined  by  the  method  explained  in  chapter  II. B. 7.  S 
can  then  be  calculated  froi«: 


S = ‘cs  HC 


Example  - 1N9I4 


Since  doping  profiles  of  the  1N914  are  not 

readily  available,  mQ  was  estimated  using  the  measured  breakdown  voltage 

and  assuming  the  1N914  :s  a well-behaved,  one-sided  junction.  The  reverse 

breakdown  voltage  was  thei  measured  at  a reverse  current  of  10  pA  as  150 

volts,  m then  calculated  as: 
o 


2.1  x 10 


150  V 

2.72  x IQ1' 


“WZ 


= 8.6  x 104/cm3 


1 j,  for  the  1N914  diode  can  now  be  determined 

from  a calculated  value  of  Ic  and  m . Fcr  the  value  of  Ic  used  in  the 

5 o S 


1N914  mode! , is: 
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H-*  '-3  " '-£U--  1.4)  X I0-'4 


16  x 10  /cm" 


O S 


S is  determined  from  and  tcs  as: 


S = (1.15  x 10'8  sec)  (1.41  x 10'14)  = 1.62  x 10*22  cmJ-C 

f.  Example  Computer  Simulations 

1 ) r"irward  Characteristic  of  Linvill  Ciode 

The  Linvill  1N914  diode  was  exercised  through  its  forward 
characteristic  to  allow  comparison  with  other  theoretical  and  actual 
data.  The  network  used  to  test  the  Linvill  diode  is  illustrated  in 
figure  11-59.  The  NET-2  ;nput  listing  is  given  in  figure  11-60.  The 
simulated  characteristic  is  plotted  a^ng  with  the  actual  characteristic 
in  fiyure  11-61.  Excellent  agreement  is  obtained. 

2)  Transient  Response  ,of  1N914  Model 

The  Linvill  diode  model  was  putthrough  the  same  storage 
time  test  as  was  the  standard  diode  iroiel.  As  expected,  the  waveform 
produced  was  nearly  identical.  The  NET-2  listing  for  this  run  is  given 
in  figure  11-62.  The  output  plot  ’S  given  in  figure  11-63.  All  storage 
time  parameters  (forward  current,  reverse  current,  storage  time)  compare 
very  closely  to  those  of  ♦•.?  standard  diode  model  (figure  11-39). 
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CHAPTER  III 
BIPOLAR  TRANSISTORS 


A.  INTRODUCTION 


Bipolar  junction  transistor  models  are  the  best  represented  category 
of  models  and  also  the  most  diverse.  The  three  basic  transistor  modeling 
approaches  considered  in  this  chapter  are  the  Ebers-Moll  model,  Gummel-Poon 
model,  and  Linvill  lumped  model. 

An  "expandable  model"  format  is  applied  in  this  chapter  to  allow  the 
analyst  to  develop  the  simplest  model  required  for  the  problem  under 
consideration.  The  expansions  occur  in  four  steps: 

(1)  Basic  Transistor  Modeling 

(2)  The  Addition  of  Ohmic  and  Charge  Storage  Clements 

(3)  Modeling  of  Beta  Variations 

(4)  Modeling  Higher  Order  Effects 

The  transistor  models  presented  in  this  chapter  represent  a summary 
of  the  essential  features  of  Modeling  The  Bipolar  Transistor  by  Ian  Getreu 
(reference  1).  Users  interested  in  more  than  a superficial  treatment, of 
transistor  models  are  referred  to  this  book. 

The  user  should  always  be  aware  of  the  limitations  of  the  model 
being  used.  Transistor  models  are  usually  based  on  describing  equations 
vhich  require  numerous  simplifications  and  assumptions  for  their  develop- 
ment. If  possible,  attempts  should  be  made  to  develop  a basic  understanding 
of  thr  physical  processes  which  occur  in  a transistor.  Such  an  under- 
standing will  vastly  simplify  the  modeling  process  Discussions  of  physical 
phenomenon  in  this  handbook  need  not  be  understood  to  develop  a model, 
but  are  merely  Intended  to  clarify  the  reasons  for  model  development. 

A transistor  model  will  only  be  as  accurate  as  the  parameters  which 
describe  It.  Judgment  must  be  exercised  c. ncerning  which  source  o? 
parameter  information  to  use.  Data  sheet  information  Is  generally  very 
conservative  yet  it  places  bounds  on  the  parameters  of  a device  type. 

Minimum  beta  Information  from  data  sheets  will  yield  a worst  case  value 
for  neutron  hardness  assessments  but  will  represent  a lower  bound  for 
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secondary  photocurrent  production.  Measurements  will  yield  accurate 
values  for  the  device  being  measured,  but  will  not  indicate  the  distri- 
bution of  parameters  over  the  whole  device  type.  The  problem  of  choosing 
parameter  values  now  becomes  statistical  in  nature  and  may  be  treated  as 
such  if  sufficient  information  can  be  obtained.  Radiation  effects  simu- 
lation often  requires  knowledge  of  material  physical  properties.  This 
chapter  includes  techniques  for  estimating  these  properties  from  terminal 
measurements  on  transistors.  These  techniques  are  often  based  on  far 
reaching  assumptions  and  should  be  applied  only  in  the  absence  of  better 
data.  Again,  a physical  understanding  of  the  problem  will  give  the 
analyst  insight  into  the  usefulness  of  a given  estimation  technique. 


3.  TRANSISTOR  MODELING 

1 . Basic  Transistor  Model 

a.  Description 

The  most  widely  used  basic  transistor  model  was  originally 
proposed  by  tbers  and  Moll.  It  is  a nonlinear,  large  signal  dc  model 
which  models  the  fundamental  current  gain  properties  of  transistors. 

b.  Advantages 

The  basic  transistor  model  may  be  quickly  and  easily 
parameterized.  Manufacturer  specification  sheets  are  often  all  that  is 
required  to  develop  useful  models.  It  will  perform  first  order  dc  anal- 
yses with  minimum  computer  time. 

c.  Cautions 

The  basic  transistor  model  simulates  only  first  order  dc 
effects.  Therefore,  it  cannot  simulate  frequency  effects  or  any  of  the 
second  order  transistor  characteristics  covered  by  latter  sections. 

d.  Characteristics 

Two  versions  of  the  basic  transistor  model  are  t.ie  trar*port 
version  and  the  injection  version.  The  two  are  m-thematical ly  identical, 
differing  only  in  the  choice  of  reference  currents.  The  injection  version 
is  shown, in  figure  1 1 1- 1 . 
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Tlv»  transport  version  is  preferable  for  the  following  reasons: 

(1)  Both  reference  currents  can  be  completely  determined  if  a 
single  quantity,  1$,  is  known. 

(2)  In  practice,  transport  referenc»  currents  are  linear  over  many 
decades  on  a semi  log  plot. 

(3)  For  more  complex  models,  diffusion  capacitance  is  more  easily 
specified. 

An  example  of  the  transport  version  will  be  given  in  this  chapter.  Both 
versions  of  the  basic  transistor  model  produce  an  ideal  characteristic 
illustrated  in  figure  I I 1-3. 


Figure  I I 1-3.  Model  Characteristic 


e.  Defining  Equations 

For  the  injection  version: 


II 1-4 


for  the  transport  version: 


f . Parameter  List 

1^.,  = reference  collector  source  current 
Ipc  = reference  emitter  source  current 
Ic  = transistor  saturation  current 

J _ig 

q = magnitude  of  electronic  charge  (1.60  x 10  coulombs) 
K = Boltzmann's  constant  (8.62  x 10  5 eV/°K) 

T = temperature  of  device  in  °K 
VBE  = base  to  e.'tter  voltage 
VgC  = b„se  to  collector  voltage 
Op  = forward  large  current  common  base  gain 
ofj  = inverse  large  current  common  base  gain 

g.  Parameters  to  oe  Found 

1$.  “p.  «i»  T 

h;  Parameterization 
1)  aF 

a)  Definition 

Op  is  the  ratio  of  the  dc  collector  current  to 
the  dc  emitter  current  when  the  transistor  is  in  the  normal  active  region 
(collector-base  reverse  biased,  base-emitter  forward  biased)  and  the  base 
is  grounded.  Although  «p  typically  varies  with  collector  current,  for 
most  applications  a constant  value  may  be  assumed. 

b)  Typical  Value 

A typical  val'ie  for  cip  is  0j99. 


c)  Measurement 

ctp  can  be  determined  from  the  relationship: 


"f  ' 1 + PF 


where  Pp  is  the  ratio  of  the  dc  collector  current  to  the  dc  base  current 
-he.i  the  transistor  is  in  the  normal  active  region  and  the  emitter  is 
grounded. 

Th*  appropriate  constant  value  of  pp  can  be 
determined  by  biasing  the  transistor  to  a desired  operating  point  and 
then  dividing  the  collector  current  by  the  base  current..  Current  gain 
information  may  also  be  obtained  from  manufacturer  specification  sheet 
data. 


d)  Example  - 2N2222A 

2 From  Measurement 

ap  was  determined  from  the  curve  tracer 
photograph  shown  in  figure  I. J 1-4.  The  point  to  be  modeled  was  chosen  as 
VCE  = 10  v and  = ^ A-  trace  most  closely  corresponding  to  the 

chosen  point  is  lg  - 4(5  pA)  = 20  pA.  At  - 10  V,  this  base  drive 
produces  a collector  current  of  5.6  mA. 

pp  = 4.6  mA/20  pA  = 230 

ah  = 230/(1  ♦ 230)  = 0.99567 

Other  operating  points  which  could  have  been  chosen  are  shown  in  table 
III-l. 


TABLE  1 1 1- 1 . 


ALTERNATE  OPERATING  POINTS 


Ib 

2 

5 pA 

240 

10 

240 

15 

240 

20 

240 

?/j 

740 

30 

240 

35 

2b! 

40 

250 

45 

249 

50 

256 

2 

From  Data  Sheets 

The  manufacturer  specification  shept  p.v 
eters  are  listed  in  figure  III-5.  From  the  "On  Characteristics’  seclier 
dc  current  gain  (p)  for  the  2N2222A  is  specified  as  a minimum  of  SO  at  ! 

= 1 mA  and  a minimum  of  75  at  1^  = 10  «.iA  The  "Selection  Guide"  puts  dc 
current  gain  between  100  and  300  at  I^  : 150  mA.  The  data  sheets  therefore 
provide  useful  information  for  worst  case  simulations,  but  fail  to  provide 
an  accurate  estimation  of  current  pain  for  a given  device. 

2)  «j 

a)  Definition 

Oj,  the  inverse  or,  is  the  ratio  of  the  dc  emitter 
.current  to  dc  collector  current  when  the  transistor  is  in  the  inverse 
operating  region  (collector-base  forward  biased,  base-emitter  r°ve; se 
biased),  and  the  base  is  grounded. 

b)  Typical  Value 

A tyoical  value  of  <~j  is  0.5. 

c ) Measurement 

ttj  can  be  measured  with  the  same  technique  as 
Op,  but  with  the  emitter  and  collector  leads  interchanged. 
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d)  . Example  - 2H2222A 

The  curve  tracer  photograph  presented  in  figure 
III- 6 shows  the  inverse  characteristic  of  „ 2N2222A  transistor.  The 
point  chosen  to  model  was  H - 4 mA  and  = 2 V.  The  neares*  corre- 
sponding point  is: 


VEC  = 2 = 4. .4  mA,  ]g  = 5(100  pA)  = 500  pA 


„ _ 4.4  mA 


8.8 


f.  8 


= 0.898 


ri ' n~f~oT 
3)  !s 

a)  Definition 


Is  is  the  transistor  saturation  current. 


. is 


defined  by  ti.e  reciprocity  relation; 


<irF  JES  * aI  !CS 


b)  Typical  Value 

3 5 is  proportional  to  the  emitter-base  junction 
at ea  and  may  vary  significantly  between  device  types.  A typical  value  is 
l1  'k  amperes. 

• c ) Measurement 

1^  can  he  found  by  measuring  atVg^  = Vg^. 
This  cannot  be  done  by  shorting  the  base  to  collector.  One  method  is  to 
display  collector  current  versus  col  lector -emitter  volt  .ge  at  a constant 
value  of  base-emitter  voltage.  is  then  the  measured  value  of  1^ 
divided  by  the  vaiue  Of  exp  (qV^/KT).  The  information  required  to 


111-17 


compute  1^  (1^  at 
cation  sheets. 


VCE  = may  be  avai^a^^e  in  tfie  manufacturer  specifi- 


in  figure  1 1 1- 7 . 


d)  Example  - 2N2222A 

} From  Measurement 

!<.  was  btained  from  the  photograph  shown 


VCE  VBE  0-6  vo1t 


Ij.  = 0.38  mA 


Is- 


0. 38  mA 
TTT 


= 3.30  x 10 


-14 


amperes 


exp  0259~7 


From  Data  Sheets 

!<■  can  be  obtained  from  the  manufacturer 


cification  sheets  shov"  in  figure  T I I~5i 


a point  where  Vgp  = 


i volt.  At  this  point,  rn  = 4J0  mA. 


The  "On"  voltage  plot  yields 
C 


• 1 Q 

7.33  x 10  amperes 


4)  I 

See  discussion  of  T in  chapter  11.8.1. 

2.  ModeMnq  Breakdown 
a.  Oe.'-riplion 

An  important  characteristic  of  transistor  models  is  their 
behavior  in  an  electrical  overstress  environment.  Even  before  the  onset 
of  breakdown,  the  collector  multiplication  e,ffects  seriously  alter  the 
behavior  of  the  transistot. 


ls = 


430  mA 

-y-y- 

exp  -0259  V 


b . Advantages 

Addition  of  the  breakdown  characteristic  to  the  transistor 
model  improves  'inulation  accuracy,  of  the  model.  Inclusion  of  the  break- 
down characteristic  will  allow  the  prediction  of  transistor  failure  oy 
overheat  ng. 

c.  Cautions 

Model  complexity  and  simulation  time  will  increase  with 
the  inclusion  of  the  breakdown  characteristic.  ■' 

d.  Characteristics 

Breakdown  can,  be  simulated  with  the  inclusion  of  the  two 
current  generators  shown  in  figurt  1 11*3. 


Figure  1 1 1 - 8 . Inclusion  of  Breakdown 


The  characteristic  produced  when  the  breakdown  generators  are  included  is 
shown  in  figure  1 1 1 - 9 . 


Hqur*  1 1 1-9.  Avalanche  Breakdown 


Defining  Equations 


k (MC  ' ]) 


Ic  (Mr  - 1) 


’ VBC  _ \ 
^CBu/ 


(^Bo) 


Parameterization  (BVr 


BVEB0’  NC' 


1)  Definition 

BV-30  is  the  col lector-to-bas*  breakdown  voltage 
BVEB0  erri tter-to-base  breakdown  voltage.  Ng  and  are  the  con- 

stants ...nch  model  the  multiplication  region  of  the  collector-base  and 
base-emitter  junctions,  respec'ively. 

2)  Typical  Values 

bvcbo  and  bvebo  n>a^  vary  ^rom  ^ess  than  B vo1ts  to 

over  2000  vo'ts.  and  are  typically  between  2 and  4 for  s’- 1 icon 
devices. 

?}  Measurement  

BVcb&  and  Ng  may  be  determined  with  the  aid  of  B''g£Q. 
BVg^g  is  the  maximum  voltage  in  the  common-emitter  conf iguration  with  the 


bast  lead  open. 


is  the  maximum  .voitage  in  the  common-base  configura- 


tion with  the  emitter  lead  open.  Ng  may  be  determined  through  use  of  the 
expression: 

..  _ lOfl  **F 


\^o. 


^EEO  and  ma^  determined  i°  a simile."  manner  through  use  of  BV^gg, 


kcO’  and  Pi- 


ll 1-22 


3 ) From  Measurement  . 

was  de^rmiiiud  from  the  photograph  shown 
in  figure  1 1 1 - 1 0 . The  breakdown  voltage  can  be  seen  to  be  102  volts. 

From  thr  1^  = 0 trace  shown  in  figure  1 1 1 -4 . 
BVrrn  was  found  to  be  o9  volts.  N.  may  now  be  calculated  as: 


log  30 


102  V 


Tne  oho'ograph  shown  in  figure  1 1 1 - 1 1 allows 
determi nation  of  PVggg.  This  voltage  can  be  se  i to  be  8.4  volts. 
F.gure  III-6  yields  a BVrgg  o 7..'  volts. 


7 . volts. 


- 31.73 


b ) rrom  Data  Sfrets 

The  man  tacUrer  specification  sheets  (figure 
1 1 1 - b ) list  a ma</min  t>r  oi  100-300,  a minimum  BVgpg  of  40  volts,  and  a 
minimum  of  BV^^g  of  75  volts.  Choosing  fr  = 200, 


N = = 9 43 

C , ./  7b  V > 


. To  simultaneously  obtain  the  characteristic  of  t..e  example 
basic  transistor  model  and  the  avalanche  breakdown  characteristic,  the 
general  purpose  transistor  model  was  made  to  produce  a "curve  tracer" 
characteristic.  The  model  ’/as  exercised  by  SCEPTRE.  An  Incremental  base 
current  was  produced  using  the  RERUN  feature.  The  test  circuit  ic  demon- 
strated in  figure  Mi- 12.  The  input  listing  for  this  run  is  given  in 
figure  1 1 1 - 1 3 . Ihe  resul t s , from  this  run  were  plotted  to  give  figure  Jll-14. 

These  results  may  be  compared  to  the  photograph  shown  in  figure  I i 1-4. 
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Figure  Pl-ll.  SCEPTRE  Input  for  Basic  Transistor  and  Breakdown 


II 1-27 


A*. 


3.  Addition  of  Charge  Storage  Elements  and  Ohmic  Resistance 

a.  Description 

The  addition  of  ohmic  resistance,  diffusion  capacitance, 
and  depletion  capacitance  to  the  basic  transistor  model  forms  what  may  be 
described  as  the  general  purpose  transistor  model.  The  general  purpose 
transistor  model  is  the  model  ccmmonly  included  in  moael  libraries  and  in 
the  internal  transistor  models  of  circuit  analysis  codes. 

b.  Advantages 

The  general  purpose  transistor  model  may  be  applied  to 
transient  analyses.  The  model  represents  a good  compromise  between 
accuracy,  ease  of  parameterization,  speed,  and  useful  results. 

c.  Cautions 

A large  amount  of  time  is  required  to  develop  the  extra 
parameters  required  for  the  general  purpose  transistor  model.  Sophisti- 
cated electronic  measurement  equipment  is  also  -equired. 

d.  Characteristics 

The  placement  of  the  parasitic  capacitors  and  resistors  is 
shown  in  figure  1 1 1- 15 


_ 

SCDC 

v - 

Vc* 

cjc- 

BASIC 

TRANSISTOR 
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Ve'ss 

*CDE 

c ,r= 

jF 

e , 


£■ 


Figure  III-15.  Inclusion  of  Parasitic  Element  (NPN) 
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The  Jepletion  capacitors  model  the  stcred  charge  associated 
with  the  junction  transition  regions  (see  chapter  II).  The  variations  of 
theje  apacitors  with  voltage  is  illustrated  in  figure  III-18.  The 
diffusion  capacitors  model  the  stored  charge  in  the  collector,  base,  and 
emitter  regions  which  must  be  removed  during  switching.  Tne  minority 
charge' distribution  before  and  after  switching  is  illustrated  in  figure 
1 1 1- 1 9 . In  the  figure,  all  the  charge  represented  by  the  difference  in 
the  shaded  areas  between  the  two  biases  must  be  removed  during  the  charge 
in  bias.  This  mobile  charge,  therefore,  is  also  stored  charge. 


CDE  “ Si  tF  (ICC  + V 
CDC  = Kt  tR  (IEC  + V 


c)  Measurement 


I 1 

5 

i I 

i i 
; i 


The  value  of  r^  can  be  determined  by  obtaining 
tne  base  current  as  a function  of  col  lector-emitter  voltage  for  a tran- 
sistor with  an  open-circuited  collector.  THis  test  configure -ion  is 
illustrated  in  figure  III  2Q.  The  straight  line  portion  of  the  curve  is 
1/V.  The  low  current  "flyback"  effect  is  caused  by  cite  decrease  of 
inverse  a at  low  currents.  The  slope  should  be  determined  as  closely  as 
possible  to  the  flyback  region. 


Figure  1 1 1 -20.  Setup  to  Measure  r^ 

d)  Example  - 2N2222A  • , 

r'e  wav  obtained  from  the  phptograph  sbowr.  in 
figure  tIIt21.  AV  of  the  straight  line  portion  of  this  curve  is  about  20 
mV,  and  Al  is  about  dO  mA. 


_ 20  mV 

■ sinus 


= 0.25  Q 


1 1 1-33 
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2) 


_c 

a) 


Definition 


"Odels  the  resistance  betwee  • 


.he  col  lector 


region  and  the  collector  terminal,  r^  is  actually  a current  dependent 
resistor,  but  is  usallv  modeled  as  a constant  valued  resisted 

b)  Typical  Value 

A typical  value  of  r^  is  10  ohms. 

c ) Measurement 

r^.  may  be  obtained  fmm  a curve  tracer  photo- 


graph at  low  values  of  V^. 


The  two  limltina  values  of  r1  a-e  rf,  at  and 

C l jA  1 


r 


CN0P.MAL' 


These  resistance  values  are  obtained  from  the  transistor 


characteristic  as  i 1 lustrited  in  figure  1 1 1-22. 
drawn  through  the  "knees"  of  the  characteristic.  The  choice  of  depends 


The  rC NORMAL  line  is 


or  how  the  trarsistor  is  biased. 
rC5AI  J"d  rC.;0RMAl  iS  Ch°s,!"' 


Generally,  a single  value  of  oetween 


Method  of  Determining  ri 

c 


Figure  I i I -22. 


d)  Example  - 2N2222A 

1 From  Measui ement 


r‘  was  determined  from  the  curve  tracer 
c 


photograph  shown  in  figure  III-23.  r^y  is  approximately: 


100  mV  - 50  mV  _ ,f  , 

~4  mA'-'l  mA  ~ 16‘7  ohms 


CNORMAl’ 
is  about: 


, the  inverse,  of  the  slope  of  the  line  passing  through  the  knees. 


200  mV  - 150  mV  _ r 

re.  -A  1 ~A  c _ ' - i a . d 


r‘  was  chosen  to  be  the  average  of  the  twq  resistance  values,  rounded  to 

■ L 

15  ohms. 

? From  Oata  S.ieets 

: ^ may  be  estimated  from  the  manufacturer 
specification  sheets  by  application  of: 


CESAT  - 0 2 v 


where  0.2  V is  a typical  value  of  ideal  sat  ration  voltage  allowing  the 
ohmic  voltage  drop  to  be  estimated.  1^  should  be  the  highest  current 
available  on  the  data  sheets. 

3)  !b 

a)  Definition 

r^  models  the  resistance  between  the  base  region 
and  the  base  terminal,  r^  varies  with  the  operating  point  of  the  tran- 
sistor but  is  generally  given  a constant  value. 

b)  Typical  Value 

A typical  value  for  r^  is  100  ohms. 
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c)  Measurement 

is  a difficult  parameter  to  measure  because 
it  is  modeled  as  a lumped  constant  resistance  although  it  is  actually  a 
distributed  variable  resistance.  The  value  obtained  for  r^  depends 
strongly  on  the  measurement  technique  used  as  well  as  the  transistor's 
operating  conditions.  Some  measurement  techniques  are  discussed  be'ow. 

1 Pulse  Measurement  Method 

Tnis  was  the  method  applied  for  the  example 
determination  of  r^.  The  tost  circuit  required  is  shown  ip  r u .re  1 1 1-24. 
The  current  pulse  applied  to  the  base  causes  the  device  to  turn  off.  The 
voltage  across  r^  drops  to  ze^o  while  the  tase  capacitance  keeps  the 
junction  potential,  Vg^,  constant,  r^  can  then  be  determined  by: 


AVBE 

Tpulse  generator 


When  the  voltage  drop  no  longer  appears,  vertical  on  an  oscilloscope 
trace,  the  constant-resistance  model  fc,.*  . b is  no  longer  valid.  Adjust- 
ing the  time  base  of  the  oscil  t-.-sc?-. : until  this  condition  is  reached 
gives  some  indication  of  the  switching  times  at  which  the  simple  rb  model 
is  not  adequate. 

2 Noise  Measure^en*'  TaCnfliqu'- 

This  i.ech1* > <>  r is  difficult  for  those  who 
do  not  have  experience  with  noi.,* 


If  is  assumed  to  be  negli- 

gible, can  be  estimated  as: 

ri  = n r J)  • TTmf 

where: 

Af  = the  bandwidth  of  the  measurement 
gmP  = calculation  from  the  known  collector  current 

Vi  = the  transistor's  equivalent  input  mean  square  voltage 


2 

The  magnitude  of  Vi  is  determined  from: 


where: 

2 

Vo  = the  measured  output  mean  square  noise  voltage  from  the  t.e->t 
system 

G = the  voltage  gain  from  the  test  device  Sr  u».  t,  . > sy  tom 
output 

This  measurement  is  performed  with  an  ac  short  i .si*  between  tr 
sistor's  base  and  emitter.  Also,  Vo^  must  be  r - d on.  a true  rms  \ >'t 
meter. 

3 d c JTe ascremei it  lec hnique 

A plot  of  log  (Ig)  versus  Vg^  (V^..  - 0) 
over  a wide  i ange  of  currents  yields  a straight  line  which  begins  to 
become  nonlinear  at  the  higher  currents.  The  voltage  deviation  from  the 
straight  line  is: 


AV 


rb  + 


r ‘ 
e 


This  effect  is  considered  in  greater  detail  in  section  B.4  of  this  chap- 
ter. Knowing  the  more  easily  obtainable  parameters  r^,  Ig,  and  Ic  (1^ 

Ic  * Ig),  r^  may  be  obtained.  

4 tstimation  From  Data  Sheets 

r^  may  be  estimated  from  the  manufacturer 

speci f ication  sheets  as: 
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VBESAT  ~ 06  V 


where  0.6  V represents  a diode  voltaqe  drop  and  Ig  is  the  highest  availabl 
base  current  on  the  data  sheets. 

d ) Example  - 2N2222A 

2 Ere?  Measurement 

was  determined  using  the  se-up  of  figure 
111-24.  A current  probe  of  50  mV/mA  was  used  to  obtain  base  current. 

was  set  to  10  V,  was  100  V.,  and  a Schottky  barrier  diode  (IN6263) 
acted  as  the  clamping  diode.  The  result  obtained  is  shown  in  the  photo- 
graph presented  in  figure  111-25.  The  top  trace  is  from  the  current 
probe  and  corresponds  to  10  mV/div.  The  bottom  trace  is  Vg^  and  corre- 
sponds to  20  mV/div.  Ig  is  a positive  pulse  from  ground.  Therefore: 


IB  = 10  mV 


fos) 


= 0.2  mA 


AV  is  the  rapid  voltaqe  decline  at  the  end  of  the  current  pulse. 


AV  = 20  mV 

. _ 20  mV 


0=5*  = ,C0  ohms 


a V 


BESAT 


2 Fro, i Data  Sheets 

The  data  sheets  shown  in  figure  1 1 1 - 5 list 
of  2.0  V max  at  a base  current  of  50  mA. 


_ 2.0  ,V  - 0.6  V 

50  mS 


?8  ohms 


/ 


I 


4)  C jo,  >ji,  m 

a)  Def  i m' t ion 

CjQ,  ij>,  and  m are  the  three  parameters  which 
describe  the  transition  capacitance  associated  with  the  col  lector-base 
junction  or  the  base-emitter  junction.  The  two  capacitors  are  nonlinear 
and  voltage  dependent. 

b ) Typical  Value  / 

A typical  value  of  C-  , t|>,  and  m are  10  pF,  0.6 
/ J0 

V,  and  0.6,  respectively.  / 

c ) Measure  lent  j 

Cjeo>  . and  are  determined  by  capacitance 
measurements  between  the  base  terminal  and  the  emitter  terminal  with  the 
collector  terminal  open.  The  voltage  V^,  is  adjusted  so  the  junction 
is  reverse  biased. 

C..y  *c,  and  mc  are  determined  by  capacitance 
measurement  between  the  base  terminal  and  the  collector  terminal  with  the 
emitter  terminal  open.  Again,  the  junction  should  not  be  forward  biased. 

fhe  data  obtained  shouid  be  reduced  using  the 
graphical  techniques  discussed  in  chapter  II. B. 6. 

It  may  be  necessary  to  subtract  out  a constant 
capacitance  from  the  measured  value.  This  extra  capacitance  term  is 
usually  around  0.5  pF  and  is  the  stray  capacitance  associated  with  the 
transistor  package  (Cfc). 

d)  Example  2N2222A 

~ C.jeo,  <i*£,  Fhom  Measurement 

Base-emitter  capacitance  measurements  with 
a Boonton  700A  capacitance  bridge  at  different  bias  values  produced  the 
data  shown  in  table  111-2. 


'A8tE  ,n'J'  RPER'MrN'«  Mirrn  capacitance  valctcs 


0 l'°'tS  ?’  Sa  - 

-0I  22-wPf 

-o.c  2,55 

-0.3  20'66 

-0.5  l3-9'  ' 

-0.7  ■ '8-68 

-1.0  ,7-70 

-2.0  ,6'53 

-3.0  1400 

-5.0  ,2-48 

10.56 

t"e  'initial  goess  for  c , ' '**  'r't'4'  1 9UMS  f»r  * is  0.6  volt,  and 

in  table  n,-3.  * ' ^ , "*.**•  "*«*  to  the  valoea  s„om 

rABU  m"3-  "WCE0  EHira  CAPACITANCE  DATA  ' 


(4»-V) 

^meas  " 

G.6  V 

0.7 

22. IP  Pf 
2 1.05 

0.8- 

20.  ?5 

0.9 

19.41 

18.18 
17.20 
16.03 
>3. 50 
11.98 
10.06 


iI!-44 


!5Jf  U'PWW-  1rTi®r* 


The  results  are  plotted  in  figure  1 1 1 - 26 . 

The  resulting  line  is  straight  enough  to  be  considered  an  adequate  fit. 

The  value  of  -m  is  the  inverse  slope  of  the  line  and  can  be  calculated 
from  two  points  as: 

_ _ log  22.12  pF  - loq  11 . 98  pF 
' m Tog  d.  6 V - logTS  V 

m - *0. 34? 

indicating  a nearly  perfect  linear  doping  gradient. 

C-  can  be  calculated  from  the  capacitance 
jeo. 

formula  and  a single  raw  data  point  as: 

C = C ()  - ^ 
jeo  Ljt  y ti.E 

Choos^g  the  1.0  V point, 

Cjeo=l6.b3pF 

; Cjeo=2J-12»F 

this  compares  favorably  to  the  measured  value  of  CjeQ  which  is  22.62  pF. 

2 From  Data  Sheets 

The  specification  sheets  for  the  2N2222A 
(figure  III-5)  plot  C and  Cob  as  a function  of  bias.  C.^  is  the  emitter 
junction  capacitance.  Cjeo,  i|>E,  and  can  be  found  by  taking  data  off 
of  this  curve  and  reducing  the  data  as  done  previously.  C-^  data  from 
the  plot  are  shown  below. 


i _ (-i.o  V) 
1 O V 


0.342 


Figure  II 1-26.  Reduced  C-V  Data 


-0.  1 V 


25  pF 
20 


Assuming  ip  - 0.6  V and  - 0, 


H -V) 
0.7  V 

1.1  V 

2.1  V 


(C  cK) 

25  pF 
20  pF 
15  pF 


Again,  a straight  line  results  indicating  a correct  choice  of  ip  (figure 
II 1-27). 


1 oti  25  pF  - loq  15  pF 

‘m  ' Tr;  0.7  V -"log "2. TV 


= -0.465 


which  is  the  r.i  value  for  a junction  with  a nearly  abrupt  doping  gradient, 
lhis  value  disagrees  to  the.  measured  value  in  terms  of  how  the  doping 
profiler  will  look.  ■ 


Cjeo  = 25  ?F 


[•  - im. 


0 . 4 o'j 


= 26.86  pF 


which  is  about  4 pF  higher  than  the  measured  value. 

3 C-  <i<  , in  From  Measurement 
jco  c ■ 

Base-col  lector  capacitance,  measurements 

with  a Boonton  700A  capacitance  bridge  at  different  bias  values  produced 

the  data  shown  in  table  1 1 1-4. 


1 1 1-47 


TABLE  1 1 1-4.  EXPERIMENTAL  BASE-COLLECTOR  CAPACITANCE  VALUES 


V 

c., 

_jC 

0 V ' 

10.78  pF 

-0.  1 

10.15 

-0.2 

9.65 

-0.3 

9.24 

-0.5 

8.61 

-0.7 

8.  12 

-1.0 

7.57 

-2.0 

6.46 

-3.0 

5.82 

-5.0 

5.05 

-7.0 

4.59 

-10.0 

4.  18 

-20.0 

4 17' 

-30.0 

3.38 

The  initial  guess  for. is  0.6  volt 
and  the  initial  guess  for  C^  is  0.5  pF.  The  data  now  reduce  to  the 
values  shown  in  table  1 1 1 - 5 . 


TABLE  1 1 1-5  REDUCED  BASE-COLLECTOR  CAPACITANCE  VALUE 


(f  -v) 

(Cn,eas.-CK> 

0.6  V 

10.28  pF 

0.7 

9.65 

0.8 

9.15 

0.9 

8.74 

1.1 

8.11 

1.3 

' 7.62 

1.6  • 

7.07 

2.6 

u.  96 

3.6 

5.32 

5.6 

4.55 

7.6 

, 4.09 

10.6 

3.68 

20.6 

3.67 

30.6 

2.88 
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•he  results  are  plotted  m figure 

111-23.  [he  data  seem  to  form  a straight  line  exceot  for  one  point  which 
may  be  a bad  data  point. 


log  9.^5  pF  - loe  2.88  pF  _ 

m ‘ log  0.7  V - log  2076  V ’ ’O'320 

Vo  = 9'65  A'  ■ 11ifr]0''2 

Cjco=  ’2.36PF 


The  measured  value  of  Cj^,  wnich  appeared  to  be  a bad  point,  was  10.28 
PF. 

4 C.co,  <ic,  r;..  From  Data  Sheets 

The  specification  sheets  given  in 

figure  1 1 1 - 5 contain  a plot  of  C . which  corresponds  to  C-r.  C-  , 41  , 

ob  ■ jC  jeo’  u 

and  mc  can  be  found  by  taking  data  off  of  this  curve  and  reducing  the 
data  as  indicated  previously.  C ^ data  1 rom  the  plot  are  shown  below. 


-0. 10  V 
• -0. 25 
-0.50 
-1.25 
-8.00 
-15.00 


Assuming  1J1  = 0.6  V and  C„  = 0, 


17  ph 
15 


(u>~0 

<Cmeas  * V 

0.  70  V 

17  pF 

0.85 

15 

MO 

13 

1.85 

10 

8.60 

6 

15.60 

5 

data  is  shown  in 

figure  I I 1-29.  A definite  concave 

indicating  that  a 

smaller  value  of  tj>  should  be  tried 

and  = 0, 

■ 

{9  -V) 

(Cmeas  ~ CK) 

0.30  V 

17  pF 

0.45 

15 

0 70 

13 

1.45 

10 

8.20 

6 

15  20 

5 

The  resulting  p’ot,  which  is  a straight  line,  is  shown  in  figure  111*30'. 


r it  c F i (-0.  1 V)  *!  ^ 

c-  = 15  pF  L1'  w j 


JCO 


- 17.04  pF 


The  values  of  u\  m,  and  CjcQ  obtained  from  direct  measurement  are: 


nir52 


'rea  s 


r - 


- 0.6  V 
m = 0.320 
Cjco  = 12.36  pF 

5)  ^ 

a)  Definition 

ip  is  the  total  transit  time.  Tp  is  used  to 
model  the  charge  stored  in  the  transistor  when  the  base-emitter  junction 
is  forward  biased.  The  element  used  to  model  the  stored  charge  is  the 
diffusion  capacitor  C^. 

b)  Typical  Vaiue 

A typical  value  of  tp  is  0.1  nanoseconds. 

c ) Measurement 

t-  may  be  determined  from  fy,  the  transistor's 
unity-gain  frequency,  fy  is  the  frequency  at  which  the  cordon  emitter, 
zero  load,  small  signal  current  gain  extrapolates  to  unity. 

fj  varies  with  collector  current.  In  a region 
where  fy  varies  little  with  1^.,  ip  is  given  by: 


When  fy  varies  strongly  with  1^,  plot  1/fy  as  a function  of  1/1^  and 
extrapolate  the  straight  line  portion  of  t.he  line  to  1/Iy.  = 0..  The 
frequency  value  obtained  is  f^.  tp  is  now  found  as: 

' TF  = k ( 7^ ) ' CjC  (VB’C')  re 
Tp  is  also  equal  to: 


III-b6 


where  t is  the  collector  current  risetime, 
r 

Some  tecuniques  of  determining  fy  are: 

(1 ) An  fy  meter. 

(2)  Small  signal  measurement.  The  test  setup  for  this  method  is 
shown  in  figure  111-31.  The  transistor  is  biased  to  the  desired 
operating  point.  The  frequency  is  increased  incrementally 
until  p decreases  to  Pq/2.  The  frequency  at  which  this  occurs 
is  fp.  F<-om  the  one  pole  rolloff  transistor  model,  fy  will  bt: 

fT^ofp 

It  is  important  that  the  impedance  in  the  collector  circuit  be 
as  small  as  possible.  I*  the  collector  circuit  resistance  is 
not  v:ero,  the  following  correction  must  be  applied: 


(3)  S-parameter  measurement.  PQ  as  a function  of  frequency  can  be 
determined  from  S-parameter  measurements.  The  value  of  at  a 
given  frequency  is: 


Again,  f^  is  given  by: 


fT  = po  f'p 

= low  frequency  p 

d)  Example  - 2N2222A 

1 From  Measurement 

tp  was  measured  using  the  small  signal  test 
configuration  illustrated  in  figure  1 1 1 - 32 . Current  probes  were  used  to 
monitor  base  current  and  collector  current.  and  the  variable  resis- 
tor were  used  to  obtain  the  desired  value  of  bias.  The  data  obtained  are 

I 

shown  in  table  1 1 1-6 . The  resul  ts  are  plotted  in  figure  IIJ-33. 


Figure  1 1 1-32.  Determination  of  tp 


1 1 1-57 


1 1 1-33.  Frequency  Dependence  of 


rwr-’t.1"  • m*  gwwwy  n* 


TABLE  II 1-6.  MEASURED  FREQUENCY  RESPONSE 


F. 

h 

k 

^ac 

i 

100.0  kHz 

0.08  mA 

13.00  mA 

162.50 

\ 

i 

i 

150.0 

0. 10 

16.00 

160.00 

* 

300.0 

0. 10 

15.20 

152.00 

l 

600.0 

0.10 

14.00 

140.00 

$ 

V 

1.0  MHz 

0.10 

10.40 

104.00 

! 

V 

v 

1.5 

0.10 

8.00 

80.00 

+ 

3.0 

0.10 

4.00 

40.00 

1 

i 

r 

6.0 

0.10 

2.00 

20.00 

f. 

10.0 

0.10 

1.20 

12.00 

15.0 

0.08 

0.54 

6.75 

30.0 

0.09 

0.18 

2.00 

60.0 

0.12 

0.14 

1.17 

100.0 

0.12 

0.14 

1.17 

The  -3  dB 

Frequency  occurs 

where: 

P0  , 

= = 115.26 

SV 

■ 

This  occurs  at  about  950  kHz. 

> 

fT  = ( 1 63 ) ( 950  kHz)  = 15b  MHz 

J ■ 

CjC  at  (4  V 

- 0.6  V)  s 5.8  pF 

\ 
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rCNORMAL  12‘5  Q 


F 2F 


- (5.8  pF)( 12. 5 Q) 


tp  = 9. 54  x 10  ' seconds 


2 From  Data  Sheets 

The  manufacturer  specification  sheets 
(figure  111-5)  plot  fy  versus  collector  current.  From  the  fy  curves  at' 
=.  10  mA: 


CNORMAL 


= 12.5  a 


Cjc  at  20  V = 4.5  pF 

fT  (at  VCB  =20  V,  Ic  = 10  mA)  = 230  MHz 


- (4.5  pF ) (12.5  Q) 


Tp  = 6.36  x 10  seconus 


6)  t, 


a)  Definition 

tp  is  the  total  reverse  transit  time,  tp  is 
used  to  model  the  stored  charge  when  the 'col lector-base  junction  is 
forward  biased.  The  element  which  models  this  stored  charge  is  the 
diffusion  capacitance  CDC- 

b)  Typical  Value 

A typical  value  of  tr  is  10  ns. 

c)  Measurement 

Iv  Op  is  much  greater  than  unity,  tR  may  be 
obtained  by  the  same  method  as  tp,  but  with  the  cell  actor  and  emitter 


1 I 
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d)  Example  - 2N2222A 


* 


l From  Measurement  , 

m 

Since  pR  is  significantly  greater  than 
unity  in  the  2N2222A  the  sn.a 1 1 signal  setup  used  to  measure  tp  was  also 
utilized  to  measure  tr.  The  data  obtained  for  this  measurement  are  shown 
in  table  1 1 1- 7.  The  results  are  plotted  in  figure  1 1 1-35. 

TABLE  1 1 1 - 7 . REVERSE  FREQUENCY  RESPONSE 
1^  = 1 mA  dc 


f 

V 

^E 

Pac 

100.0  kHz 

0.08  mA 

0.51  mA 

6.38 

150.0 

0.10 

0.61 

' 6.10 

300.0 

0.10 

0.44 

4.40 

600.0 

0.10 

0.28 

2 80 

1 . 0 MHz 

0. 10  , 

0.18 

1.80 

1.5 

0.10 

0. 13 

1.30 

3.0 

0.10 

0.07 

0.70 

The  -3  dB  point  is: 


This 


p = ~ = 4.53 

vT 

corresponds  to  about  the  300  kHz  point. 
fT  = (6  4)(300  kHz)  =1.92  MHz 


Tn  = 


1 


R " 2HTT52  RHzT 


= 8.29  x ,10  ® seconds 


? From  Data  Sheets 

tp  can  be  found  from  storage  tire  infor- 
mation. The  manufacturer  specification  sheets  (figure  1 1 1 - 5 ) give  storage 
time  data  for  the  2N2222A.  From  this  data. 


tSAT  = ns)  , £n 


15  mA  + 15  .nA  1 ( 
(150  mA/163r+H5'mA  I i 


M 


tSAT  = 3.55  x 10  ' seconds' 


t R = (3:55  x TO-7) 


' - fit?) (!*) 

(ST 


dl*) 

(o) 


6.36  x 10 


-3 

tR  = 5.69  x 10  seconds 


g.  Computer  Example 

To  verify  the  validity  of  the  charge  storage  model :nq 
portions  of  the  general  purpose  transistor  model,  the  2N2222A  model  was 
placed  in  a transient  test  circuit  described  by  the  manufacturer  speci- 
fication sheets.  The  simulated  circuit  used  to  test  the  transient 
response  of  the  2N2222A  transistor  model  is  illustrated  in  figure  1 1 1-36 . 

The  SCEPTRE  listing  which  simulated  the  transient  test  is 
given  in  figure , 1 11-37.  Three  Dlo.s  resulting  from  this  input  are  shown 
in  figure  1 1 1-38.  These  three  plots  represent  the  pulse  generator  voltage, 
collector  current;  and  the  collector  voltage,  respectively. 

The  delay  time  is  the  time  required  for  collector  current  ■ 
to  begin  to  respond  to  the  base  inout  pulse.  The  predict *d  delay  time 
can  be  seen  to  be  about  4 ns.  The  specification  sheets  for  the  2N2222A 
list  a'  maximum  delay  time  of  10  n,s. 

The  simulated  collector  risetime  is  about  20  ns.  The 
specification  sheets  allow  a risetime  of  no  more  than  25  ns. 
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(a)  Pulse  Generator  Voltage 
Figure  1 1 1-38.  2i>2?22A  Transient  Response 
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(b)  Collector  Current 

Figure  1 1 1-38.  2N2222A  Transient  Response  (Continued) 


The  test  circuit  shown  in  figure  III-  36  is  not  the  same 
circuit  applied  by  the  data  sheets  for  storage  and  falltime;  however,  a 
comparison  will  be  made.  Storage  time  is  the  time  required  for  the  col- 
lector current  to  begin  to  turn  off  in  response  to  a cutoff  in  base 
drive.  The  simulated  storage  time  is  about  68  ns.  The  maximum  allowable 
storage  time  for  the  2N2222A  is  225  ns. 

Tiie  simulated  collector  current  falltime  is  about  125  ns. 
The  falltime  required  in  the  specification  sheets  is  less  than  60  ns. 

4.  Modeling  Variable  Beta 

a.  Description 

The  most  important  second  order  effects  in  transistors  are 
variations  in  B.  The  two  variations  considered  in  this  section  are  0 as 
a function  of  col  lector  current  and  0 as  a function  of  collector-base 
voltage.  These  two  variations  may  be  treated  together. 

0 variations  produced  by  changes  in  collector  current 
occur  in  three  ranges.  Ir.  region  1,  low  injection,  0 falls  off  with 
decreasing  base  current  due  to  the  dominance  of  charge  recombination  at 
low  currents.  In  region  2,  the  constant  0 region,  current  gain  reaches 
\ > maximum  value.  In  region  3,  the  high  injection  region,  the  minority 
carrier,  concentration  approaches  the  doping  density,  the  net  result  being 
an  increase  in  the  conductance  of  the  base  and  a fall  off  in  0. 

0 variations  produced  by  increases  in  the  collector-base 
voltage  are  caused  by  the  modulation  of  the  base  width.  In  the  normal 
operating  region,  an  increase  in  Vgg  will  increase  the  depletion  width  at 
this  junction.  The  increasing  depletion  width  cuts  into  the  base  and 
decreases  the  effective  width  of  the  base.  More  injected  carriers  suc- 
ceed in  crossing  the  smaller  base,  and  0 increares. 

b.  Advantages 

Inclusion  of  variable  0 effects  will  yield  greater  accuracy 

in  simulation. 

c.  Cautions 

Addition  of  variable  0 effects  are  often  unnecessary.  The 
model  produced  is  complex  and  difficult  to  parameterize.  Computation 
hime  is  increased. 
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Characteristics 


0 


Empirical  Description 
One  method  of  modeling  variable  current  gain  is  to 
describe  p as  an  analytical  function  which  is  “fitted1*,  to  tne  observed 
gain  variations.  An  alternate  approach  is  to  describe  current  gain  as  a 
function  of  I,,  or  V„^  through  the  use  of  piecewise  linear  tables. 


'BC 


2) 


Internal  Model  Description 
Internal  models  of  circuit  analysis  codes  often  are 
fixed  in  how  p variations  may  oe  described.  For  example,  computer  pro- 


I 


J Pc 


grams  such  as  SLIC  and  SINC  use  parameters  called  Pcmavi 

innA  v>i  nwi  < uv>« 

*CL0W’  BCEC’  and  VCE  t0  descnbe  var1*able  P-  significance  of  these 
parameters  is  illustrated  in  figure  I 11-39. 

The  Gummel-Poor.  transistor  model  parameters  which 
incorporate  variate  B are  described  in  figure  III-40. 

3)  Modification  of  Ebers-Moll  Model 

The  Ebers-Moll  model  may  be  modified  to  resemble  the 
Gurr.me>Poon  model  in  its  description  to  incorporate  variable  p.  Two 
extra  elements  are  required  along  with  the  modification  of  the  defining 
equations.  The  modified  Ebers-Moll  model  is  shown  in  figure  III-4T. 

4)  Defining  Equations 

For  the  modified  Ebers-Moll. model: 


■cl  = C4  h <°> 
'EL  = C2  h <°) 


exp 


(modified)  = 


I qVBC  \ 

\k^~)  - 

exp  ) ■’  ] 

■s<°> 
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en^'c'.0\P  ^'cMAX^ 

or  ?n(lCL)  or  nn(lCM) 


Figure  1 1 1 -39.  Definition  of  HFMAX.  IrHAV’  pFL0W’  ^LOW’  BC 


For  the  Gummel-Poon  model: 


where  B is  the  base  push-oiit  factor  (see  reference  1 1 1-2).  B may  be 
approximated  by  unity. 


The  empirical  analytic  expression*  appMed  in  NET-? 
to  model  variable  current  gain  are: 

BF  ' Bf  (A1  * A2VBc  * fl3U3E  * A4VBE  ) 

Bl=Bi(Bl  *B2VM  + B3VCB  * Vcb) 

e.  Parameterization  ^ \i_’  ® 

1 ) Definition 

C2,  and  0 define  the  variation  of  8^  with  I-. 
They  are  defined  in  terms  of  plots  of  £n  (I^,  Ig)  versus  Vg,^,  for  VQ , c , 

- 0.  This  plot  is  illustrated  in  figure  III-42.  and  describe  the 
low  injection  component  of  Ig  which  describes  the  falloff  in  pp  for  low 
currents.  The, parameter  0 models  the  falloff  in  p due  to  high  injection. 


t 


Figure  1 1 1-42.  Example  Data  Plot 
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Typical  Values 

Typical  values  for  £2*  N^,  and  0 are  1000,  2,  and 


10  , respectively. 

3) 


Measurement 


Ij,  and  Ig  must  be  measured  oyer  a wide  range  of 
values.  The  data  are  then  graphed  on  a semilog  plot.  This  plot  must  now 
be  corrected  for  the  voltage  drops  across  r^  and  r^.  To  accomplish  this, 
first  identify  the  ideal  line  segment  for  base  current.  Extrapolate  this 
line  out  to  the  high  c"rrent  and  voltage  region.  Assume  that  any  devi- 
ation from  the  ideal  base  current  line  is  due  to  (I^r^  + I^)..  Subtract 
this  voltage  from  the  Ir  line.  This  process  is  illustrated  in  figure  , 
in-43. 


If  the  corrected  Ic  lies  to  the  left  of  the  ideal  Ic 

curve,  back  correct  the  corrected  Ic  line  by  the  amount  AVm,.  where  AVm  i 

the  maximum  voltage  deviation  to  the  left  of  the  ideal  line.  This 

'lover  correction"  may  be  caused  by  current  crowding  effects.  ExtrdPo1a 
tion  of  the  various  asymptotes  to  the  Vnr  = 0 V axis  will, yield  Nr 


'BE 

9,  and  as  illustrated  by  figure  III-42. 


EL' 


4)  Examples  - 2N2222A*  , 

a)  From  Measurement 

C0,  NCI  ,'and  0 were  determined  using  tfie  test 

high 


EL 


configuration  of  figure  1 1 1-44 . In  this  figure,  V represents  a 
input  impedance  voltmeter  and  I represents  a current  meter.  Data 
obtained  using  the  configuration  are  shown  in  table  II1-8. 


Figure  III -44 . r?st  Conf .guration 


T*BLE  II1'8.  MEASURED  p VARIATIONS 


FORWARD  ACTIVE  REGION 


I 


C 


0.562  V 

1 pA  ' 

0.055  mA 

0.582 

2 

0.135 

0.594 

3 

0.222  . 

0.615 

6 

0.519 

0.629 

10 

0.942  1 

0.649 

20 

2.000 

0.661 

30 

3.200 

0.681 

60 

7. 200 

0.683 

100 

12.000 

0.706 

200 

24.200 

0.718 

300 

39.500 

0.734 

600 

85.000 

0.744 

1 mA 

130.000 

0.767 

2 

192.000 

0.787 

3 

240.000 

0. 220 

6 

370.000 

NOTE:  Due  to  the  failure  of  the  device  which  was  used  in  earlier  examples 
new  device  was  chosen  yielding  a composite  mode1  for  the  remaining  sections 

The  plotted  data  with  the  necessary  corrections 
are  shov/n  ’n  figure  I IT-45-  The  following  steps  were  devised  to  identify 
the  straight  line  segments.  ' 

lines  of  slope-  q/KT  were  fit  to  the  If  and  ig 
data.  At  the  point  where  high  current  fi  falloff  was  observed,  a line,  of 
slope  o^2KT  was  constructed. 

- 14 

I<-(0)  can  be  seen  to  be  3 x 10  ■3iroe»'es. 


Is(0) 

e 


= 6 x 10 


_ 3 x 10"14 
6 x 10'8 


= 5 x 10 


1.01 -Cl  l.f'l-'M  VOf-O!  7 . Of  -0)  9.0CrOl 

¥gf.  volts 

Figure  III -45  Ir  and  Ia  a:»  a Function  of  Vrr 
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The  low  1^  asymptote  is  not  clearly  visible. 
However,  an  asymptote  was  constructed  for  illustrative  purposes. 


c2  :s  - 2 x 10 


-15 


■15 


C "-r-n  ,a-2 

c2  ■ - — r-T?  - 6 67  * 10 

3 x 10 


.-15 


c, q . (tn  3 pA  - l n ? .<  10  A' 

slope  - R--\T-  - » — x^rinnrvT 

--  35.57 

nel  c (c;3^?yn5^7y  •"  K08b 
!s  (G)  _ , ,n-16 

—t - 3 x 10 

8FM 

, x M'*14 

PFM  = --  100 

b ) From  Oat  a Sheets 

Manufacturer  device  specification  sheets  often 
give  p versus  1^  data.  These  data  may  be  used  directly  for  models  which 
describe  p as  a function  nf  Ip,  or  pp^,  C^,,  Npp,  and  0 may  be  extracted 
from  this  information  The  p versus  Ip.  data  for  the  2N 2222, \ transistor 
are  included  in  fioure  1 1 1 - b . , 


5) 


C4.  NCI,  0R 


a) 


Definition 

Thesp  three  parameters  define  the  vacation  of 
Pp  with  Ip  and  are  analogous  to  p^M,  C^,  Np(  . and  O,  respectively,  w’th 
V^p  replaced  by  V^.  1^  replaced  hy  Ip,  replaced  hy  V^p , and  p, 
replaced  hy  pp. 


Ill- 7b 


b ) Typical  Values 

lypical  values  of  C^,  N^,  and  Op  are  1,  2,  and 

1 x 10  8,  respectively. 

c ) Measurement 

The  Pp  versus  1^  parameters  are  obtained  by  the 
same  method  used  with  the  pp  versus  I ^ parameters,  except  the  emitter  and 
collector  terminals  are  interchanged. 

d)  Example  - 2N2222A 


C4 , and  6^  were,  determined  with  the  same 

test  configuration  as  figure  III-44,  but  with  t!ne  collector  and  emitter 
leads  of  the  trarsistor  interchanged.  The  data  obtained  are  shown  in 
table  III-9.  The  plotted  data  are  shown  in  figure  111-46. 


TABLE  II 1-9.  MEASURED  INVERSE  a VARIATIONS 


;BC  = VEC 

INVFRSE  ACTIVE  REGION 

Ip 

h 

0.355  V 

0.01  nA 

0.  050  mA 

0.576 

0.-92 

0. 120 

0.568 

0.03  . 

0.200 

0.610 

0.06 

0.455 

0.626 

0. 10  ■ 

0.840 

0.647 

0 29 

1.800 

0.662 

G.  30 

2.950 

0.679 

0.60 

6.220 

0.695 

i.oo  • 

10. COO 

0.713 

2.00 

18.200 

0.726 

3.00 

26.200 

0.747 

6.00 

50.000 

0.762 

10.  JO 

72.400 

0.790 

30.00 

140.000 

3 x 10  amperes 
2 x JO’8 
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Figure  III-46.  1^.  and  1^  as  a Function  of  VBC  in  the  Inverse  Mode 
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ftp  = 1 . 5 x 10 


6) 

a)  Definition 

VA  and  Vg  are  the  Early  voltage  and  the  inverse 
Early  voltage,  respectively.  The  definition  of  the  Early  voltage  is 
illustrated  by  figure  II 1-47. 


b)  Typical  Values 

A typical  value  of  VA  is  100  volts.  A typical 

value  of  Vg  is  10  volts. 

c)  Measurement 

The  slop*  of  Ij,  as  a function  of  for  a 
constant  VgE  at  = VgE  is  defined  as  g^.  The  definition  of  gQA  is 
illustrated  in  figure  111-48.  The  corresponding  slope  in  the  inverse 
region  is  defined  as  ggB  uS  illustrated  in  figure  II 1-49. 
gQA  and  gQB  are  given  as: 


rC  (J) 

9°a  = ■^Tr-i-sB--7V-) 


IE  (0) 


and  Vg  can  now  be  solved  for  as  follows: 


VA  = 


VB  = 


VA  = 


V* 

So- 

\ju ui  dv* 

^ JC  (0)  + g0A  g0B  VBE 

i 

le  (0) 

TE  (0)  " g0A  g0B  VBE  VBC 

g0 

j iE  10,  + g0A  gQB  VBC 

lasired 

, the  approximation 

IC  <°) 

g0A 

may  be  used. 


d)  Example  - 2N2222A 

9q^  can  be  obtained' from  figure  1 1 1 - 50 . The  top 
trace  represents  a VgE  of  535  mV,  I . (0)  at  VgE  - V^g  is  37.5  pA. 

a = Igjj i >£  = 2 64  X 10~7  siemens 
g0A  10  V - 0.535  V x siemens 


The  first  approximation  to  is: 


37.5  pA 


= 142  volts 


2.64  x 10  siemens 


The  inverse  parameters  can  be  determined  from  figure  111*51.  At  Vr 
= VEC'  = 0.6  V,  IE(0)  = 0.32  mA, 

_ _ (3.4  x 10‘4  A -3  x 10‘4  A)  _ t ..  ,n-5  

gQB  (1.0  V -“0  2 V) ~ ^,x  ^ siemens 


It  should  be  noted  that  Vg  cannot  be  calculated  by  the  same  aporoximation 
us»d  to  calculate  VA  because  the  approximate  method  of  determining  V^ 
assumed  a negligible  effect  from  the  emi tter-base  space  charge  ■ J »>et\ 

This  assumption  is  not  valid  wh^n  determining  Vg. 

V = (37.5  pA)(0. 32  mA)  - (2.64  x 10~7)(5  x T0~5)(0.535  V?(0.6  V) 

A (2.64  x 10*7)(0. 32  mA)  + (2.64  x 10_7)(5T  10"5)(0.535  V) 

V^  = 131  volts 


V = (37.  5 t«A ) ( 0 . 32  mA)  - (2.64  x 10~7)(5  x 10'5)(0.535  V)(0.6  V) 
B (5  x l(f&)(37.5  pA)  + (2.64  x 1<f ?)(5  x 10'5)(0.6  V) 

V0  = 6.38  volts 
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Figure  1 11-50.  2N2222A  Ic  Versus  VCE 


f . Computer  Example 

To  verify  the  modified  Ebers-Moll  model,  it  was  attempted 
to  recover  the  Ic,  IR,  and  VRE  data  from  the  transistor  model.  The. 
circuit  simulation  of  figure  III- ^2  was  applied. 


Figure  III-52.  Test  Simulation 

One  difficulty  encountered  was  the  problem  of  r^,  r'e,  and 
r'c.  These  resistors  were  defined  for  an  earlier  transistor  and  now  form 
the  ohmic  impedance  of  a composite  model.  To  avoid  this  difficulty,  r^, 
r^,  and  r£  were  made  very  s,.,al  i , and  the  data  were  compared  to  the  corrected 
raw  data. 

The  transistor  model  implemented  contained  only  the  dc 
portion  of  the  model  as  shown  by  the  listing  in  figure  II 1-53.  The  data 
produced  by  the  model  and  the  experimental  data  are  plotted  together  in 
figure  1 1 1-54. 

To  demonstrate  the  Early  voltage  inclusion  in  a model,  the 
Gummel-Poon  model  was  put  through  a curve  tracer  simulation  circuit.  To 
obtain  the  curve  tracer,  the  circuit  of  figure  I I 1-55  was  simulated  using 
the  SPICE  code. 

Figure  II 1-56  is  the  SPICE  listing  for  this  simulation. 

Figure  I I I- 57  is  the  transistor  characteristic  of  the  composite  2 N2222A 
model.  ’ 

5 • Modeling  Other  Second  Order  Effects 

a.  Description 

Other  second  order  effects  which  may  be  important  consid- 
erations ahe: 
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s c t P T R £ NETWORK  3IMULAM0N  PROGRAM 
FORCE  Wt  APC’Ns  „A30RATORY, - KA.r3  NM 
VERSION  CDC  u.S,2  i>/7 b 

0 J/  0 1 /7  ft  1 J . 1 2 . S 3 . 


>OR  * LISTING  or  USE  1 EE4TURES  UNIQUE  to  Trlis  VISION  OK  SCEPTRE 
SCPPL*  4 CARD  CC  « T 4 I N 1 N’>  THE  WORD  "DOCUMENT"  AS  THE  FIRST  CARD 
OF  THE  INPpT  TEXT 

COMPUTER  TIME  ENTERING  SETUP  PHASE- 


CRA 

.363 

SEC. 

PP 

0.300 

sEC. 

10 

0.300 

SEC. 

CIRCUIT  DESCRIPTION 
ELEMENTS 

jCC.  1-2  = 41  (3.E-UMEXP  <38.61  *VJE>-1.  )«»1/P2> 
JCL»c.-l=x2(2.K-l3»(EXP<VJC»32.1»-l.>  > 
jEL«<?-3  = XS  <?.£-!  3*  <EXP<VJ£»35.S7>-1.  ) ) 
JEC.3-2=X3  < 3.E--I  %*  (E  <P  I38.61«VJC>-1  . ) ) 

JCt?-l=X<.(jEC/0.R677) 

JE.2-3=XS ( JCC/0.R901) 

RC >3-1  = 0. 01 
RF, 3-0  = 0. 01 
RB  ,4-2=0 .01 
CC. 2-1=1. £-12 
CE .2-3=1 .£-12 
E8.0-4=Ta3lE  2(TIM£) 

ECU  . 0-S=X9 ( £8  T 
DEFINED  PARAMETERS 
»1=X61  1 .->'30/142. ) 
J2=X7ll.»S.E-7»(EXP(VJ£»lR.31))l 
FUNCTIONS 
TABLE  2 
0.0. 1,1 
OUTPUTS 
EB.IRC.IRB 
RUN  CONTROLS 
STOP  T I ME  = 1 

MINIMUM  STEP  SIZE=1.>39 
MAXIMUM  PRINT  POINTS=500 

v.o 


SYSTEM  NOW  ENTERING  simulation 


computer  time 

CPA 

pp 

10 


at  termination  OF  SETUP  PHASE- 
.3A7  SEC. 

0.300  SEC. 

0.300  SEC. 


Figure  1 1 1-53.  Listing  for  Variable  t>  Test 


1 1 1-89 


* *y* 


£HI3 

IRO* 


ts  bs3?  ; 

^sn  jywusa®  ^ 


•••»•  03/0  1/73  SPICE  2D. 2 1 26SiJ7!s  1 1».j0.3?. 

•0  JMxEL -PODS  TS*-jSr>t3°  43DE  L 


is.ru  7 listing 


TE-P*Pt7uf*i  : 27.3;,0  t,0  C 


/cc  i o o 

31  1 2 0 

32  l 3 0 
*31*0 
24  1 S 0 
.SIM 
V6  1 7 0 
.7  l M 
vD  1 M 

33  1 10  0 

..o  i i:  o 
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Figure  III-56.  SPICE  Input 


(1)  Distributed  Junction  CauecUa.ice 

(2)  Transit  Time  Variations  with  Collector  Current 

(3)  Parameter  Variations  with  Temperature 

Techniques  for  modeling  these  second  order  effects  are  discussed  in  this 
section. 

b.  Advantages 

Increased  simulation  accuracy  may  be  obtained  by  inclusion 
of  second  order  effects. 

c.  Cautions 

Inclusion  of  second  order  effects  increases  complexity, 
simu’ation  time,  and  parameterization  time.  Second  order  effects  should 
only  be  modeled  when  the  extra  accuracy  is  absolutely  necessary. 

d.  Characteristics 

The  col lector-to-base  capacitance  is  not  a simple  capaci- 
tance, but  is  distributed  across  the  high  base  sheet  resistance.  The 
simplest  lumped  model  for  this  distributed  transition  capacitance  is 
given  by  figure  1 1 1-58  RATIO  is  a parameter  whi^h  defines  how  CjC  is 
split. 


Figure  111-58.  Distributed  Base  Capacitance 


e.  Defining  Equations 
Cjc1  = <Cjc)(RAr0) 

Cjc2  = (CjC)( 1 ' RATIO) 

r ° 

PARAMETER  (T)  = PARAMETER  (Tno*)[  1 + iCj  (T  - Tnom)  + TC2  (T  - Tnon)^ 


f . Parameterization 
1)  RATIO 


a) 

Definition 

RATIO  defines  the  split  of  the  collector-base 

junction 

capaci tor 

c.ic 

across  the  base  resistor  r, . 

Li 

b) 

Typical  Value 

A typical  value  of  RATIO, is  0.8.  RATIO  must  lie 

between 

0 and  1. 

c) 

Measurement 

■ 

RATIO  is  a difficult  parameter  to  determine  from 

termi  'al 

measurements. 

It  can  be  determined  easily  if  the  topology  of 

the.  device  is  known  from: 

/ AF  N 

RAT,0  = l 

where  A^  is  the  area  o * the  emitter  and  Ag  is  the  area  of  thn  base  including 
the  emitter  area. 

^ te  (1c) 

a ) Definition 

Tj.  (Ij.)  models  the  variation  of  total  transit 
time  with  collector  current.  It  may  be  described  by  a piecewise  linear 
table,  a fit  to  an  empirical  function,  or  by  fitting  to: 


111-95 


where: 

Lp  = the  smallest  emitter  width 
^ = the  base  width 

I-n  = the  current  at  which  starts  to  rise 
CO  r 

This  expression  is  applicable  if  the  data  form  is  as  shown  in  figure 
1 1 1 - 59 . Two  points  on  the  curve  could  be  taken  and  the  two  simultaneous 
equations  solved  for  L^/W  and  I^g  or  a curve  fitting  routine  could  be 
used. 


Figure  1 1 1-59.  Dependence  of  ip  on  Collector  Current 
b)  Example  - ?N2?22A 

The  manufacturer  specification  sheets  shown  in 
figure  III-5  give  a plot  of  f-j.  versus  collector  current.  This  plot  may- 
be reduced  to  a plot  of  tp  versus  collector  current  applying: 


tF  = 7n'fT"'-"C 


jC  rc 


where: 


CjC  = 4.5  pF 

r'  = 12.5  Q 
■ c 

which  produces  the  total  transit  time  data  listed  in  table  III-10. 


TA3LE  III-10. 

T p VARIATIONS 

0.1  mA 

12  MHz 

1.32 

X 

"8 

10  seconds 

0.2 

23 

6.86 

X 

10"9 

0.5 

54 

2.89 

X 

IO-9 

1.0 

90 

1.71 

X 

10“9 

2.0 

140 

1.08 

X 

IO-9 

3.0 

170 

8.80 

X 

10"10 

5.0 

200 

7.4 

X 

io-10 

10.0 

240 

6.07 

X 

IQ'10 

20.0 

280 

5.12 

X 

IO'10 

30.0 

300 

4.74 

X 

IO'10 

Figure  I I 1-60  is 

a plot  of  ip  (I^). 

It  does  not 

appear  that  the  parameters  Lp/W  and  I^0  are  applicable  to  the  2N2222A. 

3)  TClt  TC2 

, TC^  and  TC^  are  the  first  and  second  order  temperature 
coefficients  of  parameters  which  may  vary  with  temperature.  PARAM  is  the 
temperature  variable  parameter.  . TC^'and  TC2  describe  a simple  fit  to 
experimental  data  obtained  from  an  environmental  chamber. 

6.  Photocurrent  Effects 
a.  Description 

Photocurrents  in  the  transistor  are  produced  in  a similar 
manner  as  within  the  diode.  ■ The  geometry,  however,  is  more  complex. 
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ransit  Time  Versjs  Collector  Current 


Consider  the  schematic  transistor  of  figure  IIT-61  which  is  in  the  normal 
operating  region.  When  exposed  to  ionizing  radiation,  photocurrent  is 
produced  at  the  base-collector  junction  and  at  the  base-emitter  junction. 
The  base-emitter  photocurrent  is  often  ignored  since  it  is  usually  much 
smaller  than  the  base-collector  photocurrent..  Photorurrent  at-  the  base- 
collector  junction  will  consist  of  a prompt  component. consisting  of  pairs 
generated  within  the  depletion  region,  Wc,  and  a delayed  component  of 
minority  electron  and  holes  one  diffusion  length  away  from  the  depletion 
region  edge  (L  , Lec). 


PASE 

CONTACT 


EMITTER 

CONTACT 


Figure  I I 1-61 . Transistor  Geometry  (NPN) 

If  a detailed  time  dependent  prediction  is  desired,  the 
photocurrent  generators  should  be  treated  in  the  manner  discussed  in 
chapter  II. B. 8.  The  physical  parameter  estimation  techniques  found  by 
terminal  measurement-,  for  the  diode  may  be  applied  to  the  base-collector 
terminals  of  the  transistor. 


One  of  the  simplest  yet  effective  ways  to  predict  photo- 
current magnitude  is  by  the  use  of  the  equations  developed  by  J.  K. 

Notthoff  (see  r'f.  1 1 1 -3 ) . Notthoffs  equations  are  time  independent  and 
predict  the  peak  primary  photocurrent.  They  allow  calculation  of  primary 
photocurrent  from  manufacturer  data  sheets  and  require  no  measurements  or 
teets  to  be  performed. 

Primary  photocurrent  which  is  produced  across  the  base-col- 
lector junction  may  flow  across  the  base-emitter  junction  to  be  multi- 
plied by  the  p of  the  transistor.  The  resulting  collector  current  is  the 
secondary  phococurrent  of  the  transistor.  The  magnitude  of  the  secondary 
photocurrent  will  be  a strong  function  of  r^  and  external  resistance  in 
the  base  lead. 

To  obtain  only  the  primary  phccccurrent,  ionizing  radi- 
ation tests  often  measure  only  the  photocurrent  flowing  from  the  col- 
lector to  the  base  by  leaving  the  emitter  lead  open.  This  measured 
primary  photocurrent  can  then  define  a base-collector  current  generator 
through  tables,  double  exponentials,  etc.  A drawback  of  this  method  is 
that  changes  in  bias  aid  dose  rate  are  not  easily  handled. 

b.  Advantages 

Inclusion  of  photocurrent  generators  will  allow  the  predic- 
tion of  circuit  response  to  ionizing  radiation.  Determination  of  the 
value  of  the  photocurrent  generator  from  experimental  data  is  the  sim- 
plest method.  Prediction,  from  terminal  measurements  allows  time  depen- 
dent predictions.  Implementation  of  Notthoffs  equations  require  only 
the  data  sheet  information. 

c.  Cautions 

Prediction  from  experimental  data  allows  no  flexibility 
for  parameter  changes.  Prediction  from  terminal  measurements  requires 
laboratory  facilities.  Prediction  from  Notthoffs  equation  does  not 
allow  time  dependency. 

d.  Character!-  sties 

The  placement  of  photocurrent  generators  (I  ) is  illustrated 
in  figure  1 1 1-62.  .....  . . ■ PP 
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Figur?  111-62.  Placement  of  Photocurrent  Generators, 

e.  ' Defining  Equations 

Notthoff's  equations  are  listed  in  table  III-ll.  The 
accuracy  of  prediction  by  Notthoff's  equations  is  illustrated, in 
figure  1 11-63 - 

f.  Parameterization 

The  2N2222A  Is  listed  as  a switching  and  ampl if ier  tran- 
sistor. Two  of  Notthoff's  equations  are  applicable.  The  equation  for 
switching  transistors  is  the  first  applicable  equation.  Trom  the  data 
sheets  shown  in  figure  1 1 1-5 , the  equation  may  be  parameterized  as: 
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TABLE  III-ll.  DEFINING  EQUATIONS 
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Figure  1 1 1-63.  Predicted  Versus  ileasured  Primary  Photocurrents  in  Silicon 
Switching  and  Ampl i fier -Transistors  (After  Notthoff,  - 
Reference  1 1 1-2) 


I = y (8  pF )( 10  V)17'  (225  ns)172  (P.47  + vj73)  6 x 10~12 
The  equation  for  all  NPN  amplifiers  yields: 

• I = y (0:3  GHz)'275  (75  V)  [(8  pF)(  10  V')173  + 1 . Os] 

(21.6  + V^73)  (3.24  x 10'13) 
g.  Example  - 2N2222A 

A simulation  of  a 2N2222A  transient  ionizing  ladic-ion 
test  was  made  by  application  of  Notthoff's  equations.  As  an  approxi- 
mation, the  photocurrent  predicted  by  these  equations ■ was  given  n wave- 
shape identical  to  the  ionizing  waveform  discussed  in  the  diode  pnoto- 
current  examole.  From  dosimetry,  the  peak  ionizing  dose  race  was  taken 
to  be  1:16  x 1010  rad  (Si)/$ec. 

The  test  circuit  used  for  the  actual  test  and  the  simulation 
is  shown  in  figure  I I 1-64. 


Figure  III-64.  Photocurrent  Test  Circuit 
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Hotthoff'b  equations  for  these  conditions  (V^ ^ ~ ^ V,  y 
= 1.16  x 10^)  yields  the  results. 

I (SW)  = 165. 26  mA 
PP 

I (AMP)  = 203.19  mA 
PP 

The  results  from  the  switching  transistor  equation  were  applied.  , 

The  results  of  the  actual  test  are  illustrated  in  figure 
1 1 1-65.  The  current  probe  used  to  monitor  the  test  has  a response  of  5 
mV/mA.  The  peak  photoresponse  is  about  920  mA.  The  SPICE  simulation 
circuit  is  listed  in  figure  III-6G.  The  simulation  results  are  shown  in 
figure  1 1 1 -67 . The  predicted  peak  photocurrent  was  456  mA.  The  experi- 
mental . waveform  lasted  roughly  300  ns.  The.  predicted  waveform  lasted 
about  180  ns. 

7.  Neutron  Effects 

The  two  major  effects  of  neutron  damage,  increased  density  of 
recombination  centers  and  carrier  removal,  may  produce  serious  degrada- 
tion of  the  performance  of  the  transistor. 

The  carrier  removal  effect  will  result  in  an  effective  cour.ter- 
doping  of  all  regions  of  the  semiconductor.  One  effect  of  lighter  doping 
is  to  increase  junction  breakdown.  Experiments,  however,,  indicate  that 
this  effect  is  relatively  small  for  transistors.  The  change  in 
will  be  significant  due  to  the  gain  dependency  of  this  parameter  (see 
chapter  III.B.2). 

-Anotner  effect  of  counterdoping  will  be.  to  increase  the  resis-' 
tivity  of  the  semiconductor.  The  increase  in  resistivity  is  especially  • 
pronounced  in  the  lightly  doped  regions.  Since  the' col  lector  region  is 
usually  lightly  doped  in  a planar  process,  an  increase  in  the  collector, 
bulk  resistance  is  expected. 

The  increased  density  of  recombination  centers  will  produce 
several  effects,  the  most  important  being  the  degradation  of  transistor 
gain.  Minority  carriers  which  are  injected  into  the  base  from  the  emitter 
must  cross  the  base  region  to  reach  the  collector  as  ~ol lector  current. 
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Figure  IIi-66.  SPICE  Simulation  Listing 
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Carriers  injected  into  tine  base  are  not  at  equilibrium  and  may  recombine 
with  the  majority  carriers  in  the  region  producing  ba- e current.  Tht 
addition  of  recombination  centers  to  the  base  will  increase  the  recom- 
bination process  producinn  more  base  current  and  less  collector  current. 
The  net  result  ts  a loss  of  gain 

Very  narrow  base  widtns  mean  less  time  fo;'  base  transit  and 
therefore  less  chance  for  recombination,  higher  gain,  and  higher  fre- 
quency performance.  Ihis  is  the  basis  for  the  Messenger-Spratt  equation: 


wnere: 


Pq  = the  pre irradiation  [1 

(1^  = the  posti rradiation  {t 

-6  9 

K = an  empirical  constant  approximately  equal  to  10  cm‘Vn-sec 

0 = the  neutron  fluence  in  n/cm^  in  1 MEV  equivalents 

Other  effects  of  the  increased  recombination  center  density  are 
increased  junction  leakage,  decreased  diffusion  capacitance,  and  increased 
collector  resistance.. 

It  ha's  now  been  stated  that  both  the  carrier  removal  effect  and 
the  increase  in  recombination  center  density  will  affect  the  collector 
bulk  resistance.  An  increase  in  collector  resistance  coupled  wth.a 
decrease  in  beta  may  produce  a serious  change  in  the  saturation  charac- 
teristics of  a transistor.  First,  the  decrease. in  beta  will  require  an 
increase  in  base  current  to  bring  <•  transistor  into  saturation.  The 
increased  collector  resistance  will  produce  a higher  collector-emitter 
saturation  voltaqe.  The  change  in  saturation  voltage  is  frequently  the 
most  important  radiation  effect  for  switching  transistors. 

While  the  most  important  neutron  radiation  effect,  gain  degrada- 
tion, may  be  estimated  from  terminal  measurements  or  data  sheet  informa- 
tion, test  data  are  the  most  teliable. 
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Test  data  may  be  obtained  from  such  sources  as  the  CRIC  data 
base  if  experimental  faci’ities  are  not  available  (see  reference  I i I - 4 ) . 

Ali  changes  to  a transistor,  including  those  represented  by 
complex  interactions  such  as  collector  resistance,  may  be  determined  by 
simply  remodeling  the  transistor  from  tests  described  in  this  chapter. 

8 . Total  Dose  Effects 

Ionizing  radiation  alters  the  behavior  of  semiconductor  sur- 
faces. The  major  effects  are  the  accumulation  of  positive  charge  in  the 
passivating  oxide  and  an  increased  density  of  surface  states  at  the 
silicon-oxide  interface.  The  net  result  wil)  be  an  enhancement  or  deple- 
tion of  the  semiconductor  surface. 

The  surface  field  may  produce  a loss  in  gain  of  silicon  passi- 
vated transistors.  Surface  damage  will  produce  an  additional  leakage 
component  for  the  reverse  biased  collector  base  junction,  and  an  additional 
base  current  component  for  the  forward  biased,  base  emitter  junction. 
Transition  capacitance  may  unoergo  an  increase. 

Unfortunately,  the  effect  of  ionizing  radiation  on  the  surface 
of  transistors  cannot  be  predicted  from  the  ohysical  characteristics  of 
the  transistor.  The  fact  that  damage  appears  to  be  bias  dependent  further 
complicates  the  problem. 

At  the  present  time,  the  effects  of  total  ionizing  dose  are 
best  modeled  from  information  obtained  through  experiment. 

9.  Burnout 

Electrical  o''erstres$  or  even  extreme  bias  conditions  may 
prof uce  overheating  and  failure  of  the  transistor.  For  EM?  simulations, 
bjrnout  will  usually  involve  the  breakdown  oi  a transistor  junction  and - 
the  subsequent  heating.  The  best  technique  currently  available  for 
failure  prediction  is  to  treat  the  two  junctions  of  the  transistor  as  two 
interrelated  diodes  each  of  which  has  associated  failure  constants,  K. 

These  diodes  may  be  analyzed  by  the  techniques  discussed  in  liapter 
II.P.10. 
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1 0 . Linvin  Lumped  Model  of  the  Transistor 
a.  Introduction 

In  chapter  II.B.12,  the  concept  of  modeling  the  physical 
processes  within  a bioolar  semiconductor  device  using  lumped,  linear 
network-like  elements  was  discussed.  These  concepts  may  be  applied 
di  ectly  to  transistor  models  which  will  be  discussed  briefly  in  this 
section. 

The  Linvill  "lump"  represents  an  arbitrarily  small  slice 
or  volume  of  semiconductor  material.  Each  slice  is  made  up  of  the  Linvill 
elements  which  represent  the  physical  behavior  of  minority  charge  carriers 
in  the  slice.  The  storance  element  represents  charge  storage,  combinance 
represents  charge  recombination,  diffusance  represents  charge  diffusion, 
and  driftance  represents  charge  behavior  in  an  electric  field.  The 
Linvill  lumps  are  coupled  with  the  Linvill  P-N  junction.  The  Linvill  P-N 
junction  models  the  "law  of  the  junction"  which  defines  minority  carrier 
concentration  at  the  junction  edge  as  a function  of  the  voltage  across 
the  junction. 

The  Linvill  transistor  model  can  now  be  seen  as  two  Linvill 
P-N  junctions  separated  tv  a region  of  either  P-  or  N-type  semiconductors. 
Obviously,  the  accuracy  of  the  model  will  be  a function  of  the  number  of 
lump:-  and  the  size  (for  example,  1/2  base  width)  of  the  lumps  As  a 
general  rule,  however,  only  the  smallest  number  of  lumps  that  permits  a 
sufficiently  accurate  model  should  be  used. 

The  base  region  of  a transistor  is  designed  to  be  narrow  , 
compared  to  the  minority  carrier  diffusion  length.  For  this  reason,  a 
single  n representation  of  two  lumps  is  usually  sufficient  to  model  the 
behavior  of  the  base  region.  Doping  gradients,  etc.  may  produce  an 
electric  field  across  the  base  so  carrier  movement  in  the  base  may  be 
represented  by  the  driftance  element  as  well  as  the  diffusance  element. 

At  thi*  point,  the  simplest  transistor  model,  the  two-lump  model,  is 
defined.  This  model  is  shown  in  figure  1 1 1-68.  Relevant  expressions  for 
this  model  are: 


mo  (HdB  + HC1*  = l\ 

m.  H.n  '*  U t I/-»r  ~ Ur  If 
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where  mQ  is  the  base  equilibrium  minority  carrier  concentration. 
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The  emitter  is  usually  heavily  doped  and  has  little  effec. 
on  the  radiation  response  of  the  transistor.  Physically,  the  importance 
of  the  emitter  is  in  determining  the  current  gain  of  the  transistor 
through  emitter  efficiency.  Normally,  no  lumps  or  only  one  lump  is  used 
to  model  the  emitter  region. 

The  lightly  doped  collector  region  will  significantly 
affect  the  charge  storage  behavior  and  the  photoresponse  of  the  transistor. 
Because  the  length  of  the  collector  is  generally  long  compared  to  the 
minority  carrier  diffusion  length,  a number  of  lumps  modeling  the  collector 
region  may  be  necessary. 

Other  regions,  such  as  the  substrate  buried  layer  and 
isolation  region  and  junction,  may  also  be  considered  for  modaling.  If 
even  higher  accuracy  is  required;  two  dimensional  Linvill  structures  may 
be  built  to  simulate  lateral  effects. 

Radiation  effects  for  Linvill  models  are  discussed  in 
chapter  II.B.12.  For  neutrons,'  the  change  in  the  combinance  elements  of 
the  base  will  model  transistor  gain  degradation  as  this  element  will 
reflect  the  increase  in  recombination  centers  produced  by  the  impinging 
neutrons.  If  photocurrent  predictions  are  desired,  the  collector  region 
must  be  modeled.  The  two  lump  model  will  not  predict  the  shape  of  the 
primary  photocurrent  waveform. 


The  values  of  the  lumped  elements  cannot  be  easily  determined 
by  terminal  measurements.  As  a consequence,  the  Linvill  transistor  model 
is  better  suited  to  research  into  device  behavior  than  for  practical 
nuclear  hardness  assessments.  However,  to  demonstrate  the  implementati „• 
of  a transistor  model  by  a network  analysis  code,  rough  approximate 
were  used  to  produce  a two'lump  Linvill  model  of  the  2N2222A. 
b.  Example  of  Two  Lump  Transistor  Model 

1 ) Description 

The  Linvill  lumped  model  for  the  trarsistor  represents 
the  development  of  a symbolic  model  consisting  of  lumped,  linear,  network- 
like elements  which  represent  physical  events  within  the  device.  These 
elements  represent  actual  physical  processes  occurring  in  transistors 
such  as  charge  diffusion,  recombination,  generation,  storage,  and  drift. 

2)  Advantages 

The  Linvill  lumpec.  model  of  the  transistor  gives  the 
analyst  greater  insight  into  the  physical  processes  occurring  in  the 
transistor. 

3)  Cautions 

The  principal  disadvantage  of  the  lumped  model  is 
that  the  lumped  elements  are  not  directly  measurable.  The  numbe*'  of 
codes  adaptable  to  the  Linvill  formulation  are  also  limited. 

4)  Characteristics 

The  concept  of  modeling  using  Linvill  lumped  elements 
is  discussed  in  chapter  1I.B.12.  One  concept  is  that  model  accuracy 
improves  with  increasing  number  of  lumps.  For  practical  use,  the  model 
needs  to  be  as  simple  as  possible. 

The  simplest  transistor  model  is  a two  lump  subdivi- 
sion of  the  base.  The  total  excess  charge  stored  in  the  base  is  then 
divided  into  two  independent  lumped  components  contained  in  these  two 
lumps.  Two  lump  models  of  transistors  are  illustrated  in  figure  1 1 1-68 . 
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5)  Defining  Equations 

fg,  * P„o  HC1  * % i <ff  PNP> 


i ,,  = Pn.  Hr,  + 
g2  no  u2 


1 gl  = npo  HC1  + 


PA  Wa 

~T^%  Y (if  PNP) 


^BW 


g0  Y (if  NPN) 


qA  WB 


V = nno  HC2  + —f  9o  V (if  NPN) 


pe  ppo 


[exp  (kt)  *'J 

pc  = pno[exp  (kt)'1  ] 
ne  = npo  [ exP  (”KT ) ] 

"c  * V [exp  ( kt)  ] 


(assuming  uniformly  doped  base) 

S1 

HdB  = F 


S 


J_  *,  x 

HdB  ~ R 

6)  Parameter  List 

S = the  values  of  the  storance  elements 
Hj,  = the  value  of  the  combinance  elements 


* i 
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n = 
P = 

V ~ 


P = 
no 


WB 

A = 
\ - 
9„  = 


the  value  of  the  charge  generation  current  generator 
the  collector  current 
the  base  current 
the  emitter  current 

the  concentration  of  minority  carrier  electrons 
the  concentration  of  minority  carrier  holes 
the  equilibrium  concentrations  of  minority  carrier 
electrons 

the  equilibrium  concentration  of  minority  carrier 
holes 

the  voltage  potential  across  the  emitter  junction 

the  voltage  potential  across  the  collector  junction 

base  width 

base  area 

ionizing  dose  rate 

generation  rate 


7)  Parameters  to  be  Found 
npo 

p 

*no 


X2 


H 


XI 

dB 


8)  Parameterization 
a>  "no-  Pno 

T Definition 

npo  anc*  Pno  are  tfie  equilibrium  minority 
carrier  concentrations  in  P-  and  N- type  material,  respectively.  npQ  is 
required  for  the  base  material  if  dealing  with  an  NPN  transistor.  PnQ  is 
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required  for  the  base  region  if  a PNP  transistor  is  being  considered.  An 
important  assumption  is  that  the  transistor  is  abrupt  and  uniformly 
doped. 

2 , Typical  Value 

Values  for  n „ and  p„„  vary  widely.  A 
4 3 Po  Kno  * 

typical  value  is  1 x 10  carriers/cm  . 

3 Measurement 

If  the  doping  concentration  of  the  base  is 

known,  a minority  concentration  m (n  or  p ) can  be  calculated  as: 

o  po  rno 


! 


"? 


N 


B 


wne. e: 


Nr  = the  doping  concentration  in  the  base 

0 10  3 

n^  ■=  the  intrinsic  carrier  concentration  (1.45  x 10  carriers/cm 

for  silicon  at  room  temperature) 

If  the  doping  concentratipn  is  not  known, 

an  estimate  of  Ng  can  be  obtained  from  BV^gg,  the  base-emitter  breakdown 

voltage  as: 


V3/2 


NB  = 


'80 


,2.72  x 10' 


assuming  that  the  emitter  is  much  more  heavily  doped  than  the  base  and 
that  the  emitter  junction  is  planar. 

"jB 

1 Definition 

H^g  represents  the  diffusion  of  minor’ ty 
carriers  through  the  base  region. 

2 Typical  Value 


-16 3 


A typical  value  for  Hdg  is  I x 10  cm  'A. 


III-117 
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Measurement 


H ,D  can  be  determined  frcm  in  (r.  or  pi 
dB  . o po  rno 

and  1^,  which  is  described  in  chapter  III.B.i  along  with  techniques  to 

determine  its  value.  H „ can  then  be  calculated  to  be: 

aB 


H _ h 
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c)  HC1  HC2 

2 Definition 

Kp  and  are  the  values  of  the  elements 
which  represent  the  recombination  of  minority  charge  carriers  in  the  base 
region. 

2 Typical  Values 

Typical  values  for  Hri  and  Hr,  are  1 x 

10  and  1 x 10  0 cm  -A,  respectively. 

Hri  and  Hro  can  be  determined  from  nr  (n_ 

C I CZ  o ' po 

or  pno^’  *S’  ^dB’  aF*  and  aR-  Is  and  aR  are  parameters  which  are  discussed 
in  chapter  III.B.I.  From  these  parameters,  and  are  found  as: 
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d) 


’1 
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Definition 


51  and  S,  are  the  values  of  the  two  storance 
elements  in  the  base  region.  and  S£  represent  charge  storage  within 
the  base. 


2 Typical  Values 

-*24 

Typical  values  for  S,  and  S9  are  1 x 10 

3 -22  3 L 

cm  *C  and  1 x 10  cm  *C,  respectively. 

3 Measurement 

and  S2  can  be  estimated  from  tp,  tp,  and 
Hdg.  tp  and  are  parameters  developed  in  chapter  V.  and  $2  are 
estimated  as: 

51  = tF  HdB 

52  = XR  HdB 

9)  Examples  - 2N2222A 
a)  % 

' The  doping  concentration  within  the  base  is  not 

directly  available;  therefore,  the  breakdown  estimate  will  be  made. 
Base-emitter  breakdown  voltage  was  measured  at  about  8 volts. 


NB  = 


■(t 


= 1.98  x 10 ^ atoms/cm3 


72  x 10' 


This  implies  an  equilibrium  electron  concentration  in  the  base  of: 


c) 


Obtaining  basic  transistor  model  parameters: 


Cl 


(3.3  x 10"*4A)/(0. 99567)-;  (.06  x 103/cn>3)(  3.  1 13  x 10‘17cn3-a) 


( 1 . 06  x 103/rm3) 


HC]  = 1.375  x ID'19  A -cm.3 


C2 


(3.  3,  x iO  ,4h)/(0. 89-3 )-( 1 .Co  x lC,3/cm3)(3.  ' 13  \ !9  ' cm'’* A) 


(1.G6  x 103/cm3) 


Hc2  = 3.533  x 10 
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d)  S,.  S. 


Applying  the  transit  times  troi'  the  charge 


storage'  model : 


j|  = (9.54  x 10  seconds;  (3.113.x  10  l7  cm3-A) 

= 2.97  x 10*‘?o  cm3-C 


S?  ='  (8.29  x 10  9 s°conds)  (3.113  x 10  ^ cm' -A) 

= 2.53  x 10'2"  cra3«C 

1 0 ) Computer  Simulati on  of  the  Linvill  Transisto r Model 
, To  demonstrate  the  implementation  of  the  Linvill 
transistor  model , the  Linvill  model  was  put  through  a simulated  curve 
trace.  f he  topology  applied  is  demonstrated  by  figure  1 1 1 - 69 . The  NtT-2 
input  lifting  for  this  run  is  slown  Mr  figure  III- 70.  The  outp.it  for 
this  run  is  shown  in  figure  1 1 1- 7 1 

Some  indication  of  the  success  oe  the  Linvill  transistor 
model  can  be  found  by  chejkinq  the  gain  character istic  of  the  model.  . The 

> n 
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Figure  1 1 1-71 . Characteristic  of  Linvill  Transistor 


Ik 


"A"  points  of  figure  III - 69  represent  the  collector  current  produced  by  a 
base  current  of  50  microamperes.  The  collector  current  produced  is  about 


11.2  mA.  The  model  current  gain  is  about  224.  The  actual  gain  is  230. 
The  Linvill  model  used  does  produce  the  basic  gain  characteristics  but 
should  not  be  considered  as  representing  physical  reality  because  of  the 
rough  approximations  made. 

1 1 . Code  Implementation 

lable  1 1 1- 1 2 is  a set  of  conversion  factors  co  allow  the  para- 
meters obtained  using  this  handbook  to  be  applied  by  the  more  popular 
circuit  analysis  codes.  A set  of  typical  parameter  values  are  given  as 
default  parameters  in. the  event  of  incomplete  characterization. 
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CHAPTER  IV 
MOS  MODELING 


A.  INTRODUCTION 

The  MOS  (metal  oxide  semiconductor)  transistor  is  a semiconductor 
device  in  which  the  current  between  two  electrodes,  the  source  and  the 
drain,  ' s modulated  by  a relatively  small  voltage  applied  to  the  gate 
electrode.  The  modulation  is  accomplished  by  attracting  or  repellir.g 
charge  carriers  to  create  a narrow,  high  conductivity  charnel  near  the 
surface  of  the  semiconductor  material.  Since  the  gate  electrode  is 
separated  from  the  semiconductor  material  by  a high  quality  insulator, 
verv  little  current  flows  between  tne  gate  and  either  the  source  or  the 
drain.  This  produces  an  extremely  high  input  impedance,  which  is  the 
chief  advantage  of  the  device. 

The  construction  ana  operation  of  the  device  ran  best  be  understood 
be  referencing  figure  IV- 1 (ref.  IV- 1 > . This  figure  represents  an  N-channel 
MOS  transistor.  The  device  is  constructed  by  diffusing  parallel  N 
source  and  drain  regions  into  a lightly  doped  P-type  substrate  material. 

A thin  layer  of  oxide  is  then  grown  over i the  region  separating  the  source 
and  drain.  By  depositing  a layer  of  metallization  (gale  metallization) 
on  top  of  the  oxide  arid  making  electrical  contacts  to  gate,  source, 
drain,  and  substrate,  a four  terminal  M05  transistor  results! 

For  device  operation,  assume  tnat  the  substrate  and  source  are  tied 
to  ground  and  the  drain  i$  connected  to  c positive  voltage.  If  a posi- 
tive voltage  is. applied  to  the  gate,  electrons  are  attracted  to  the 
surface.  At  a sufficiently  large  gate  voltage,  the  surface  of  the  sili- 
con will  become  N-type  Jue  to  the  presence  of  a large  number  of  electrons. 
With  this  thin  channel  formed  at  the  surface,  current  can  flow  from  the 
drain  to  the  source.  Since  the  drain  voltage  is  positive,  a depletion 
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Figure  IV- 1 - N-Cnannel  MOS  Transistor  Diagram 


region  is  formed  around  the  N+  P diode  comprising  the  drain-to-substrate 
diode.  As  the  drain  voltage  becomes  increasingly  positive,  the  depletion 
region  expands  until  it  eventually  penetrates  and  pinches  off  the  chai.nel. 
Thus,  once  the  channel  is  formed  between  source  and  drain,  the  current 
increases  with  increasing  drain  voltage  until  the  pinchoff  condition  is 
reached  and  the  current  no  longer  increases  with  drain  voltage. 

Three  regions  of  operation  are  of  interest.  The  first  region  is 
"cutoff"  in  which  no  channel  is  formed  between  source  and  drain  and  no 
dra,-n  current  flows.  The  second  region  of  interest  occurs  unce  suffi- 
cient voltage  has  been  applied  between  the  gate  and  source  to  form  a 
channel  between  drain  and  source.  This  is  known  as  the  triode  region  of 
operation  and  is  characterized  by  increasing  drain  current  with  increasing 
drain  voltage.  The  third  region  of  interest  is  that  of  saturated  operation 
in  which  the  drain  voltage  has  been  increased  until  the  channel  is  pinched 
off  and  drain  current  no  longer  increases  with  drain  voltage. 

MOS  transistors  can  be  fabricated  so  that  they  operate  in  either  the 
enhancement  mode  or  the  depletion  mode.  The  enhancement  mode  device  has 
been  generally  described  above.  Without  gate-to-source  bias,  a channel 
is  not  present  between  source  and  drain,  and  current  will  not  flow.  The 
carrier  density  near  the  surface  must  be  "enhanced"  in  order  for  conduc- 
tion to  take  place.  For  N-channel  dtvices  fabricated  on  P-type  material, 
the  gate  voltaqe  must  be  positive  to  form  the  channel.  For  r-channel 
devices  fabricated  on  N-type  material,  the  gate  voltage  must  be  negative 
to  form  the  channel.  The  depletion  mode  device  has  a channel  formed 
between  the  source  and  drain  even  without  gate-to-source  bias.  Thus,  the 
device  is  normally  in  an  "on"  condition.  To  turn  the  device  "offv"  a 
gate  voltage  must  be  applied  to  drive  carriers  away  from  the  surface  and  . 
"deplete"  the.  channel.  For  N-channel  devices,  the  polarity  of  the  depleting 
voltage  will  be  negative.  For  P-chan--'!  devices,  depleting  voltage  will 
be  positive. 

The  ac  performance  of  the  MOS  transistor  is  governed  by  parasitic 
capacitances  which  appear  cross: 
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(1)  Gate  to  Substrate 

(2)  Gate  to  Source 

(3)  Gate  to  Drain 

(4)  Source  to  Substrate 

(5)  Drain  to  Substrate 

The  source-to-substrate  and  drain- to-substrate  capacitances  are  depletion 
region  capacitances  normally  associated  with  reverse  bias.PN  junctions. 
Their  values  vary  as  a function  of  reverse  biasing  voltage  as  previously 
discussed  in  the  chapter  on  bipolar  diodes.  Thi-  values  of  the' gate 
capacitances  vary  as  a function  of  gate  voltages.  Expressions  describing 
the  variation  will  be  discussed  in  this  chapter. 

Note  that  M3S  devices  rely  on  majority  carriers  to  transport  current 

between  the  source  and  drain.  As  a result,  variations  in  minority  carrier 

lifetime  have  little  af.'ect  on  their  performance.  Consequently,  minority 

carrier  lifetime  degradation  induced  by  neutron  irradiation  is  of  little 

consequence  for  MOS  devices.  Some  carrier  removal  offsets  associated 
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with  neutron  irradiation  may  occur  at  high  fluences  (=10  n/cm  ). 

Neutron  damage  to  MOS  devices  will  not  be  treated  in  this  handbook. 

Ionizing  radiatiot.  produces  hole  electron  pairs  in  the  insulator 
(usually  silicon  dioxide,  S i 0^)  between  the  gate  electrode  and  the  chan- 
nel as  well  as  within  the  semiconductor  material.  Unfortunately,  elec- 
trons have  a higher  mobility  in  S^  than  do  holes.  Therefore,  electrons 
tend  to  be  swept  out  uf  the  oxide  leaving  trapped,  positively  charged 
holes  behind.  This  positive  charge  tends  to  attract  or  repell  carriers 
near  the  surface  depending  on  whether  the  device  is  an  N-channel  or 
P-channel  transistor.  Ionizing  radiation  causes  P-channel  transistors  to 
move  toward  enhancement  mode  operation,  and  N-channel  transistors  move 
toward  depletion  mode  operation.  In  addition  to  oxide  charge  trapping, 
ionizing  radiation  increases  the  interface  state  density.  This  is 
reflected  as  a shift  toward  enhancement  mode  operation  for  both  N-channel 
and  P-channel  devices.  Thus,  oxide  charge  trapping  and  interface  state 
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density  increases  tend  to  be  offsetting  phenomena  in  N-channei  devices 
and  additive  phenomena  in  i}-channel  devices.  Both  phenomena  art  a func- 
tion of: 

(1)  Totat  Ionizing  Dose  Absorbed  by  the  Device 

(2)  The  Gate  Voltage 

(3)  The  Physical  Properties  of  the  Gate  Insulator 

Tie  functional  dependencies  are  complex  and  not  thoroughly  defied  at 
tnis  time. 

Ionizing  radiation  also  produces  photocurrents  in  PN  junctions 
associated  with  the  source/substrate  and  drain/substrate  diffusions. 

These  photocurrents  have  the  same  functional  dependencies  as  those  dis- 
cussed previously  in  the  bipolar  diode  chapter.  They  are  reviewed  briefly 
in  the  models  presented  here.  In  CMOS  ( complementary  symmetry  MOS) 
technology,  both  N-channel  and  P-channel , transistors  are  fabricated  on 
the  same  silicon  chip.  As  a result,  three  and  four  layer  parasitic 
structures  can  be  formed.  These  car.  act  like  transistors  and  SCR 1 s when 
triggered  by  a photocurrent  pulse.  If  an  SCR  structure  is  triggered,  it 
can  remain  in  a conducting  state  after  the  termination  of  the  radiation 
pi:lse.  This  is  the  condition  known  as  "latch  up."  It  may  result  in 
catastrophic  failure  of  the  device.  These  parasitic  bipolar  structures 
must  be  included  in  any  transient  photoresponse  analyses  of  CMOS  devices. 

Electrical  overstress  pulses  may  damane  MOS  devices  either  by  burning 
out  PN  diodes  associated  with  source  and  drain  diffusions  or  by  rupturing 
the  gate  dielectric..  The  Si^  gate  dielectric  is  extremely  thin 
(700  A - TOGO  A)  and  is  subject  to  breakdown  at  voltages  in  the  range  of 
70  - 100  V.  Thus,  the  gate  voltage  must' be  monitored  in  an  electrical 
overstress  analysis  as  well  as  the  power  dissipated  in  PN  junctions. 

This  chapter  includes  a discussion  of  the  following  areas: 

. (1)  First  Order  Drain  Current  Model 

(2)  Pahasitic  Elements 

(3)  Radiation  Effects  Model 

(4)  Second  Order  Effects  Model 


Section  8 presents  a first  order  model  of  the  drain  current  generator 
which  simulates  the  three  operating  regions.  The  analyst  who  is  inter- 
ested in  simple  simulation  of  discrete  MOS  transistors  will  find  this 
model  to  be  generally  adequate.  Section  C expands  the  model  topology  to 
include  parasitic  capacitances  and  gives  their  appropriate  functional 
form.  U also  provides  information  for  modeling  multilayer,  parasitic 
bipolar  structures.  Section  D describes  methods  for  modeling  radiation 
effects  including  total  dose,  photocurrent,  and  electrical  cverstress 
environments.  The  final  section  includes  model  variations  for  simulating 
second  order  effects  including  weak  inversion,  channel  length  modulation, 
two-dimensional  effects  on  threshold  voltage,  variable  mobility,  and 
temperature.  These  effects  can  be  extremely  important  for  the  analyst 
modeling  MOS  devices  found  in  high  density  MSI  and  LSI  circuits. 

B.  FIRST  ORDER  DRAIN  CURRENT  MODEL 

1 . Description 

The  first  order  drain  current  model  is  based  on  a simple  simu- 
lation of  the  drain-to-source  current  in  the  three  regions  of  operation. 
The  boundaries  of  the  three  operating  regions  are  determined  by  the 
following  inequalities: 

(1)  Cutoff  VQS  < VT 

(2)  Triode  VfiS  > \'T  and  VQS  < Vp  . 

(3)  Saturation  .VQS  > V-j.  and  VQS  > Vp 

This  model  considers  the  MOS  transistor  to  be  a bilateral  device.  There- 
fore, provisions  mus«,  he  included  for  altering  the  direction  of  current 
flow  when  the  source  and  drain  are  interchanged.  The  key  concepts  to  be 
mastered  in  applying  this  model  are  threshold  voltage,  pinchoff  voltage, 
and  the  functional  relationships  among  V^,  V^,  Vp,  and  ig. 
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2.  Advantages 

The  first  order  MOS  model  is  usually  easy  to  implement  in 
computer  analysis  codes.  Its  parameters  lend  themselves  to  straight- 
forward empirical  measurement.  It  can  be  quite  accurate  for  discrete  MOS 
transistors. 

3.  Cautions 

Logical  FORTRAN  statements  have  often  been  used  to  switch  from 
one  functional  dependence  to  another  in  modeling  cutoff,  triode,  and 
saturated  operation.  These  statements  can  create  discontinuities  in  the 
derivatives  of  the  model  equations.  This  can  lead  to  numerical  difficul- 
ties in  the  codes. 

Some  analytical  switching  functions  which  help  to  eliminate 
this  problem  are  presented  in  this  chapter.  They  should  be  given  careful 
attention  by  analysts  using  SCEPTRE  or  similar  codes. 

The  accuracy  of  the  first  order  drain  current  model  is  usually 
adequate  for  discrete  MOS  transistors  but  is  usually  not  adequate  for  MOS 
transistors  found  in ' integrated  c;rcuits. 

4.  Characteristics 

a.  Topology 

The  topologies  shown  in  figure  IV-2  are  conventions  for 
N-channeV  and  P-channel  devices.  The  gate-to-source,  gate-to-drain, 
source- to-substrate,  and  drain-to-substrate  capacitances  have  been  shown 
in  the  topology.  In  this  section,  these  parasitic  capacitances  will  be 
considered  to  have  constant  values.  A more  detailed  treatment  of  their 
functional  form  will  be  presented  in  the  next  section.  The  voltages 
across  the  capacitors  are  used  to  determine  the  operating  condition  of 
the  transistor. 

b.  Typical  Electrical  Response 

The  drain  current  characteristics  of  N-channel  and  P-channel 
transistors  as  simulated  by  the  first  order  model  are  shown  as  a function 
of  gate  voltage  in  figures  IV-3  and  IV-4,  respectively.  Figures  IV-5  and 
IV-6  show  the  drain  current  as  a function  of  gate  voltage  for  N-channel 
and  P-channel  devices  simulated  by  the  first  order  model. 
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Figure  I V- 5 . First  Order  ilociol  Character istic  for  Drain  Current  fur  an 
N-Channel  Enhancement  Undo  Transistor 


Figure  IV-6.  First  Order  Model  Characteristic  for  Drain  Current  Versus 
Gate  Voltage  for  a P-Channel  Enhancement  Mode  Transistor 
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5 . Per ; n inq  Equations 

If  the  source  and  substrate  are  always  tied  to  the  same  poten- 
tial fi.e.,  V = 0),  the  first  order  dc  characteristics  of  the  MOS 
transistor  can  be  described  by  the  following  equations  for  an  N-channel 
device. 


VGS  " VT  or  VDS  “ 0;  !0S  0 


NORMAL 
OPERA! ION 


VT  - VGE  and  0 ^ VDS  ^ V *DS  = (*[(VGS  ' VT)VDS  ‘ 2 VDsJ 
VT  - VGS  and  0 < Vp  - VDS;  !DS  = ^ ^VGS  " VT^ 

VG0  '*  VT  or  V0S  = 0;  I0r  = 0 


INVERTED  ' V < Vrn  and  -Vp  - Vn,<  0;  In  = -ff[< 
OPERATION  1 uu  r Ui  Ub  [ 


(VGD'VT)VDS  2 V0S 


1 VT  1 VGD  and  VDS  1 ‘VP  < °*  IDS  = ‘<5>  (VGD~  V* 
For  a '“channel  device  the  equations  become: 


OPERATION 


OPERATION 


VGS 

' VT 

or  ' 

'os  : 

r °-  *DS  = 0 

V- 

VGS 

and 

0 > 

VDS  > VP;  !0S 

= '^VGS 

VT  - 

VGS 

and 

VDS 

- Vp  ; *DS  = 

(^)(VGS" 

VGD  : 

> VT 

or  >s  ! 

: 0;  = 0 

• 

V- 

Vu0 

and 

0 < 

VDS  < ’V  *DS 

= -|![<vGD 

VT  i 

VGD 

and 

vos 

- 'VP;  !DS  = “ 

C(1/2HVG0 

, . 1 »2  ' 
;DS  1 VDS 


i v2 

5 VDS 


Pararater  List 
V 

GS  = gate -to- source  voltage 

Vqs  = drain^to-source  voltage 

= drain- to  source  current 


Variables 
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Vy  = threshold  voltaqe  J 

Vp  = pinchoff  voltage  i Model  Parameters 

p = transcbnductance  factor  J 

7.  Parameterization 

a.  Threshold  Voltage  ( Vy ) 

1 ) Description 

The  threshold  voltage  is  the  gate-to-source  voltage 
required  to  form  a channel  and  initiate  conduction  between  drain  and 
source.  It  is  considered  a constant  in  the  first  order  approximation. 

Its  value  may  be  determined  from  measurements  in  either  the  triode  or 
saturated  regions  of  operation.  In  the  triode  region,  the  drain  voltaqe 
is  held  at  a low  value  (typically  10  - 50  mV)  and  the  drain  current  is 
measured  as  a function  of  gate  voltage.  Figure  IV- 7 illustrates  the 
experimental  technique.  Extrapolating  the  resulting  plot  to  zero  drain 
current  yields  the  threshold  voltage  from  the  equation: 

VT  = VGS  ' 2 VDS 

For  saturated  region  measurements,  the  gate  and  drain  are  tied  together 
as  „hown  in  figure  IV-8,  and  square  root  of  the  drain  current  is  plotted 
as  a function  of  gate  voltage.  At  ;:ero  drain  current,  the  value  of 
applied  gate,  voltage  is  equal  to  the  threshold  voltage  as  indicated  by 
the  equation: 
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Figure  IV-7.  Triode  Region  Measurement  for  Vy 


Figure  IV-8.  Saturated  Region  Measurement  for  Vy 


2)  Typical  Value 

Manuf acturers  can  vary  threshold  voltage  over  a 
relatively  wide  range.  This  is  especially  true  when  both  enhancement 
mode  and  depletion  mode  devices  are  ronsideredi  Table  IV- 1 gives  reasonable 
signed  values  of  threshold  voltage  for  both  N-channel  and  P-channel 
transistors.  Voltages  are  referenced  to  the  source. 


TABLE 

IV- 1.  TYPICAL  THRESHOLD  VOLTAGES 

ENHANCEMENT  MODE 

DEPLETION 

MODE 

N-channel 

+ 1.5  V 

-2.5 

V 

P-thannel 

-1.2  V 

+2.5 

V 

3)  Measurement  Example 

Figures  I V- 9 and  IV- 10  show  the  results  of  triode 
legion  measurements  of  threshold  voltaqe  of  N-channel  and  P-channel 
transistors  taken  from  an  SSS  4007  integrated  circuit.  The  N-channel 
devices  show  a threshold  voltage  of  1.65  volts,  and  the  P-channel  devices 
show  a threshold  voltage  of  1.13  volts. 

Figures  IV- 1 1 and  I V- 1 ? show  the  plot  of  the  square 
root  of  the  drain  current  of  the  same  N-  and  P-channel  transistor  operat- 
ing in  the  saturate  region.  The  extrapolations  to  zero  drain  current 
show  an  N-channel  threshold  of  1 . 65  V and  a P-channel  threshold  of  1.12 
V.  Note  that  both  methods  yield  extremely  close  results. 

Note  that  in  both  the  triode  region  and  saturated 
region  measurements,  the  data  begin  to  deviate  from  the  expected  behavior 
at  higher  gate  voHages.  This  is  due  to  variable  (nobility  effects  which  . 
are  discussed  in  section  E of  this  chapter. 

b . Transconductance  Factor  (h) 

1 ) Description 

The  transconductance  factor  can  be  thought  of  as  the 
gain  of  the  MOS  transistor,  it  is  determined  by  the  mobility  of  the 
majority  carriers  in  the  channel,  the  oxide  thickness,  and  the  width  to 
length  ratio  of  the  channel.  In  the  first  order  model  it  is  considered 
to  be  a constant.  The  data  used  to'determine  the  threshold  voltage  in 
the  previous  subsection  can  also  be  Used  to  determine  the  transconductance. 
For  the  triode  region  measurements,  V^,.  p is  the  slope  of  the  plot  of  1^ 
versus  V^.  1 

2 ) Typical  Value 

The  transconductance  factor  is  a function  of  the 
geometrical  construction  of  the  MGS  transistor  (i.e.,  it  is  directly 
proportional  to  the  ratio  of  channel  length  to  channel  width).  There- 
fore, suggesting  a typical  value  could  prove  confusing. 
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Figure  IV-9.  Threshold  Voltage  Determination  from  Triode  Region  Data  for  an 
N-Channel  Enhancement  Mode  Transistor 
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Figure  IV-11.  threshold  Voltage  Determination  from  Saturated  Reqion  Data  for 
an  N-Channel  Enhancement  Mode  Transistor 


3)  Measurement  Example 

From  the. previous  example  of  triode  region  data,  the 

2 

value' of  p for  the  N-channel  transistor  is  2.08  mA/V  and  the  value  of  p 

2 

for  the  P-channel  transistor  • i s 1.61  mA/V  . 
c.  Pinchoff  Voltage 


The  pinchoff  voUage  marks  the  boundary  between  the  triode 
and  saturated  region  of  operation.  It  may  either  be  approximated  by  the 
expression  Vp  = V^  - Vy  or  measured  as  the  locus  of  points  satis- 
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fying  the  condition  = 0.  The  approximation  is  usually  sufficient  for 

the  first  order  model  and  no  attempt  to  directly  parameterize  Vp  will  be 
made  here. 

8.  Code , Implementation  and  Notes 

Table  IV-2  presents  a listing  of  the  parameters  available  for- 
specifying  a first  order  MOS  transistor  model  in  SCEPTRE,  CIRCUS2,  TRAC, 
NET-2,  and  SPICt2.  Since  SCEPTRE,  CIRCUS2,  and  TRAC  all  require  the  MOS 
model  to  be  included  as  a user-aef ined  subroutine,  only  a single  column 
has  been  assigned  to  them.  A FORTRAN  subroutine  suitable  for  implemen- 
tation with  minor  modifications  in  any  of  those  three  codes  is  given  in 
figure  IV-13.  In  figure  IV-13,  an  analytical  switching  function  of  the 

' I 

form 

1 ' 


f(X)  = - 

1 + e 

has  been  used,  where: 


S(R-X) 


X = independent  variable 

R = , reference  value  at  which  switchi 
S = scale  factor  to  determine  the  ra|t 
is  a recommended  value) 
f(X)  = value  of  the  switch 

= 1 for  X > R 

= 1/2  for  X = R 


pg  is  to  take  place 
e of  transition  (10 
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V-2.  SCEPTRE.  CIRCUS?,  TRAC,  NET-2,  AND  SPICE2  T’.ODE 


FUNCTION  F MOS (Vb»V0*VHb»8»VT  « S ) 
f SWITCH  U.W*S)=1./U  .♦EXP(AMlNU  100.  I / \) 

F A !VUA*VDE.VGt»B.vn  *B»SlGN(  AKS I VDE > * AHS i VGE-VT-VDE/?. ) *VDA) 
FP< VGt .VT) *VGE-VT 
IF ( VO*b.LT.O)GO  TO  5 
VDE  = Vf> 

VGE*VG 
VB£=VB5 
00  TO  10 
S VOt=«VO 
VGF-VG-VD 
VNE=VB$-VO 
10  CONTINUE 

VMAX  = 1 .£3 

IF  MBS  (VGE  > .GT.  VMAX)  GO  TO  50 
IF  (Abb(VDE)  .GT.  VMAAJ  GO  T<)  50 
IF (ABS(VBE) .GI.VMAX)  GO  TO  50 
AU=F  A (VD*VDt»VGfc*R.VT ) 

VP  = FP  < VGt  » V T ) 

AOSS=FA (VDf VP. VGE.B.VT) 

F1=F SWITCH(VGE.VT.S) 

F^=FSWI TCH( VOE. VP. 5 ) 

FM0S  = Fl*«'2*A0bS*F  1*  < I ,-F?)  «AU 
HETUWN 
50  FMOS  = 0. 

HETUMN 

ENO 


Figure  I V- 1 3 - FORTRAN  Subroutine  Implementation  of  the 

First  Order  Drain  Current  Model  for  Incorporation 
into  SCEPTRE,  CIRCUS?,  and  TRAC 
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In  using  the  switching  function  with  the  M0C  model,  a value  of  S equal  to 
10  was  found  to  represent  a good  compromise  between  switching  speed  and 
computational  efficiency. 

To  utilize  the  switching  function  with  expressions  for  drain 
current  for  P-  c'K  '.'-channel  devices  in  an  MOS  model,  the  boundaries  of 
the  regions  of  operation  must  be  defined.  Once  the  uoundaries  are  defined, 
the  appropriate  switching  functions  can  be  derived  to  provide  smooth 
transitions  (continuous  first  derivatives)  between  regions.  The  operat- 
ing regions  to  be  considered  include  cutoff,  normal  and  inverted  triode 
operation,  and  normal  and  inverted  saturation.  Therefore,  switches  must, 
be  included  for  the  following  transitions: 

(1)  Transitions  from  cutoff  to  either  normal  or  inverted  triode 
operation. 

(2)  Transitions  from  normal  triode’  operation  to  normal  saturated 
operation. 

(3)  Transitions  from  inverted  triode  operation  to  inverted  satu- 
rated operation. 

Table  IV-3  preserts  a set  of,  switching  functions  which  are 
ajequate  to  model  the  required  transitions.  For  the  model,  cutoff  is 
defined  as  the  region  where  either  the  gate-to-drain  or  gate-to-source 
voltage  is  too  small  to  support  conduction  < Vy,  Vq<-  = 0).  Two 
switches  are  required  to  bound  cutoff.  One  compares  gate-to-source 
voltage  (VGS)  with  Vy.  The  other  compares  gate-to-drain  voltage  (V^) 
with  Vy.  The, switches  (f,,  f^)  are  defined  such  that  f^  is  "true"  for  VG 
greater  than  Vy.  The  switch  f^  is  "true"  for  V^  greater  than  Vy. 

Saturated  operation  is  defined  as  the  region  where  drain-tp-source 
or  source-to-drain  voltage  exceeds  pinchoff  (Vp).  Two  switches  were 
defined  to  determine  transitions  between  triode  and  saturated  operation. 
Switch  is  defined  as  "true"  for  the  drain-to-source  voltage  (V^) 
greater  than  Vp.  Switch  f^  is  defined  as  "true"  for  source-to-drain  • 
voltage  ( V^q ) greater  than  Vp. 

Since  the  signs  of  the  quantities  VG$,  VQS,  Vp,  and  VGp  are 
different  for  N-  and  P-channel  devices,  the  inequality  changes  required 


! 


to  retain  the  correct  sign  conventions  for  enhancement  mode  devices  are 
given  in  table  IV- 3 . 

TABLE  IV-3.  ANALYTICAL  SWITCH  DEFINITIONS 
SWITCH  N-CHANNEL  P-CHANNEL 


fl 

= TRUE  = 1 

VGS 

> 

VT 

VGS 

< 

VT 

f2 

= TRUE '=  1 

VDS 

> 

VP 

VDS 

< 

VP 

f3 

= TRUE  = 1 

VG0  = VGS 

- 

VDS  ' VT 

VGD  = VGS 

- 

VDS  < VT 

f4 

= TRUE  = 1 

VSD 

> 

Vi 

VSD 

< 

VP 

the  cutoff  region  is  not  specifically  included  above.  However, 
cutoff  is  automatica1 'y  defined  by  a "false"  condition  on  each  of  the 
switches  f 1 , f^,  f^,  and  f4_ 

The  switches  f-j  and  f^  actually  perform  the  same  function  as  fj 
and  f^,  respectively.  Thus,  they  can  be  eliminated  from  the  model  by  the 
appropriate  redefinition  of  the  source  and  drain  terminals.  In  the 
implementation  of  *he  model,  that  redefinition  is  made  and  only  two 
switching  functions  are  required  as  will  be  shown  later.  The  use  of  the 
analytical  switching  function  will  usually  prodiice  a more  computationally 
stable  model  than  will  the  use  of  a logical  switching  function  having 
discontinous  first  derivatives. 

The  NFT-2  MOS  model  has  been  built  into  the  code  and  may  be 
accessed  through  a model  call  and  an,  appropriate  parameter  list  in  the 
device  parameter  library.  The  NET-2  model  allows  the  user  a great  deal 
of,  flexibility  in  the  selection  of  model  equation  coefficients.  This  is 
especially  useful  when  there  are  sufficient  experimental  data  available 
to  allow  curve  fitting  of  the  equations  to  measured  values  of  drain 
current  as  a function  of  gate-to-source  and  drain-to-source  voltage.  The 
relationship  of  the  NET-2  model  parameters  to  the  usu.-t  MOS  characteristic 
equations  is  demonstrated  below. 
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Triode  Region: 


*CS  " P [VDS  'VGS  " V ‘ l VDs]=  VDs['pVT  + PVGS  ‘ 2 pVDs] 

NET-2  Model: 

JDS  = V0S  [A1  + A4  VGS  + A3  VDS  + A2  ^DS  + A5  VGs] 

Saturated  Region: 

>DS  = » [VP  «GS  ' V ’ 2 Vp]  '■  V (-PVT  ’ PVGS  - 1 PV) 

NET- 2 Model: 

JDS  = ^VDS  ' * *2  VGS  * K3  VGS^ 

‘ vp  (A1  * a4  *gs  * »3  vp . A2  'ft.  a5  »|s  ) 

For  the  first  order  model,  parameters  A^ , A^,  and  A^  are  required  The 
remaining  parameters  are  used  to  include  second  order  effects  which  will 
be  discussed  in  subsequent  sections. 

The  SriCE 2 MOS  model  is  an  ev,trt>mely  flexible  built-in  model.  It 
was  designed  to  be  used  in  all  phases  of  MOS  integrated  circuit  design. 
Therefore,  it  can  be  parameterized  from  either  measured  electrical  data 
or  device  physics  data  determined  from  fabrication  procedures.  The 
parameter  values  given  in  table  IV-2  are  based  on  the  assumption  that 
only  measured  electrical  data  will  be  used.  . If  the  first  order  SPICE2 
model  is  desired,  the  analyst  should  he  careful  not  to  specify  values  for 
substrate  doping  concentration  and  should  insure  that  all  other  values 
marked  with  an  asterisk  (*)  are  set  to  precisely  the  values  indicated  in 
table  IV-2.  Failure  to  do  so  will  result  in  inconsistencies  within  the 
model  tnd  inaccurate  results. 


9.  Computer  Example 

Listings  of  SCfPTRE  programs  used  to  produce  "curve  tracer" 

characteristics  of  au  N-channel  and  P-chanr.el  transistor  are  presented  in 

figures  tV-14  and  I V - 15.  Note  that  the  zero  valued  current  sources  .JB 

and  Jli  are  used  to  detect  the  gat?  and  substrate  [pas'  with  respect  to  the 

source.  !ne  results  of  exercising  these  programs  lor  the  measured  parameters 

a . 

from  the  Sw  40(V  are  shown  in  figures  IV-16  and  IV-!',  Ihe  figures 
display  the  drain  current  as  a function  of  drain  voltage  uv  ? \ irfetv  of 
gate  voltages  the  list;ngs  of  ME  I -2  programs  u ed  to  produce  ‘urn-on 
characteristic  runs  ( In  versus  V.,c ) for  N-channel  and  P- channel  dev  i res 
are  shovn  in  figures  IV- IB  and  IV- 19.  fhe  results  of  the  program  ‘elutions, 
for  measured  parameters  from  the  4007  are  shown  in  figures  iV-.\)  and 
IV-21. 

C.  . PARASITIC  INCLUSIVE  MOS  MODEL  s 


1 . Descr jptioil  . . 

Parasitic  elements  associated  with  MOS  transistors  occur  because 
of  interactions  between  the  gate  electrode  and  the  semiconductor  material 
and  because  of  PN  junction  effects  resulting  from  source  and  drain  diffu- 
sions into  the  semiconductor.  These  paras i tics  have  a significant 
effect  on  the  operation  of  MOS  circuits.  Accurate  prediction  of  operat- 
ing speed  cannot  be  made  without  appending  appropriate  capacitive  and 
resistive  elem<  its  to  the  model.  Parasitic  diodes  and  other  bipolar 
structures  may  be  important  for  predicting  power  consumption  and  infor- 
mation storage  time  properties  for  MOS  integrated  circuits,  and  they  are  . 
essential  to  predictions  af  transiert  radiation  effects  (see  section  D). 

2.  Advantages 

The  operation  of  digital  MOS  integrated  circuits  can  generally 
be  understood  in  terms  of  the  charging  anu  discharging  of  gate  capacitors 
by  nonlinear,  voltage  controlled,  current  sources.  A reasonable  estimate 
of  capacitance  can  be  coupled  with  ba^ic  drain  current  models  to  produce 
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Figure  IV-14.  SCEPTRE  listing  of  Curve  Tracer  Circuit  for  Displaying 

N-Channel  Drain  Characteristics  for  the  First  Order  Model 
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Figure  IV-15.  SCtPTRE  Listing  of  Curve  Tracer  Circuit  for  Displaying 
P-Channel  Drain  Characteristic  for  First  Order  Model 
(Concluded} 
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Fic/ure  IV-16.  SCEPTRE  First  Order  ITodel  . vn  Characteristics  for  an 
N-Channel  HOS  Transistor 


P-Channel  Transistor 
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Figure  IV-18.  NET-2  Listing  for  Curve  Tracer  Circuit  Displaying  N-Channel 
Turn  on  Characteristics  for  the  First  Order  Model 


Figure  IV-19.  NET-2  _’5ting  for  Curve  Tracer  Circuit  Displaying  P-Channel 
’’urn  on  Characteristics  for  the  First  Order  Model 
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very  acceptable  predictions  of  propagation  delay,  risetime,  and  falltime. 

The  ability  to  directly  scale  both  capacitance  and  current  capability  of 
MOS  devices  with  transistor  geometry  often  makes  the  analysis  task  much 
simpler  for  MOS  circuits  than  for  bipolar  circuits. 

3.  Cautions 

An  MOS  model  which  contains  full  parasitics  requires  a large 
number  of  elements.  For  example,  a complete  model  of  a CMOS  inverter 
containing  an  N-channel  and  P-channel  transistor  with  full  parasitics  can 
require  37  individual  resistors,  capacitors,  and  current  sources.  The. 
analyst  must  use  his  judgment  in  determining  which  of  .these  elements  are 
really  necessary  for  an  accurate  solution.  The  parasitic  elements  described 
in  the  following  material  can  be  appended  to  either  the  first  order  model 
discussed  in  section  B or  the  second  order  model  discussed  in  section  D. 

4.  Characteristics 

A CMOS  integrated  circuit  structure  as  shown  in  the  cross 
section  of  figure  IV-22  will  be  used  to  illustrate  the  relationship  of 
the  parasitic  elements  to  the  MOS  drain  current  model.  In  figure  IV-23, 
the  CMOS  structure  has  been  redrawn  schematically  in  terms  of  active  and 
passive  circuit  elements.  Figure  IV-24  shows  the  MOS  model  topologies 
for  the  N-channel  and  P-channel  transistors  with  the  required  parasitic 
elements.  The  N-channel  transistor  is  shown  in  the  top  half  of  figure 
IV-24.  Its  drain  current  is  modeled  by  the  current  source  JC2.  The 
P-channel  device  is  in  the  lower  half  of  the  figure.  Its  drain  current 
is  modeled  by  the  JC9  current  source.  For  each  MOS  transistor,  three  . 
capacitors  are  associated  with  the  gate/semiconductor  interactions.  These 
are  CGNS,  CGND,  and  CGNB  for  the  N-channel  and  CGPS,  CGPD,  and  CGPB  for 
the  P-channel.  Each  of  these  capacitors  has  a fixed  component  and  a 
voltage  variable  component.  Two  capacitors  for  each  transistor  are 
associated  with  the  source  and  drain  diffusions.  These  are  CNS  and  CND 
for  the  N-channel  and  CPS  and  CPD  for  the  P-channel.  These  represent  a 
combination  of  the  depletion  region  capacitance  and  diffusion  capacitance 


terms  developed  for  bipolar  diodes  in  chapter  II.  During  normal  operation, 
the  source  and  drain  junctions  should  remain  reverse  biased  and  only  the 
depletion  capacitance  term  should  be  reuuired.  Source  and  drain  resis- 
tances are  included  for  both  the  M-  and  P-channel  transistors  as  RNS, 

RND,  RPS,  and  RPD,  respectively. 

The  remaining  resistors,  capacitors,  and  current  sources  in 
figure  IV-24  are  included  to  model  the  parasitic  bipolar  diodes  and 
transistors  associated  with  the  CMOS  inverter.  Each  source  and  drain  is 
represented  by  a diode  equation  current  generator  (JNS,  JND,  JPS,  JPD). 
Since  these  junctions  are  normally  reverse  biased,  only  the  reverse 
saturation  current  is  important  for  most  applications.  The  resistors 
RNSB,  RNDB,  RPSB,  and  RPDB  represent  that  portion  of  the  leakage  current 
that  is  voltage  dependent.  The  :esistors  RBNS,  RBND,  RBPS,  and  RBPt)  . 
represent  the  bulk  resistances  due  to  the  semiconductor  material  between 
the  metallurgical  junctions  and  tne  ohmic  contacts  to  the  power  supplits. 

In  bulk  CMOS  technologies,  there  is  an  additional  PN  junction 
between  the  P-wt  1 1 and  the  N-substrate.  This  junction  is  represented  by 
the  diode  current  generators  JCS  and  JCD.  Capacitors  CPWS  and  CPWU 
represent  the  depletion  region  and  diffusion  capacitance  associated  with 
the  junction.  Since  the  three  layer  structure  composed  of  the  N-channel 
source  (or  drain),  the  P-well,  and  the  -V substrate  is  an  NPN  bipolar 
transistor,  the  dependent  current  sources  JANS,  JAND,  JAIS,  and  J'.ID  have, 
been  added  to  model  the  >'equirod  transistor  action.  The  dependencies  are 
as’tollows: 

JANS  = N1  * JNS 
JAND  - N 2 * JND 
■ JAI„  =11*  JCS 
JAID  = ,11  * JCD 

These  are  the  same  as  discussed  for  th-  bipolar  transistor  models  in 
chapter  III.  Since  all  the  diode  junctions  are  normally  reverse  biased, 
the  parasitic  transistor  is  turned  off  for  standard  operating  conditions. 
However,  it  can  become  extremely  important  in  modeling  ionizing  radiation 
effects. 
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5 . Pet ining  Equat ions 

Only  tiie  gate-to-se'niconductnr  capacitances  are  descried  by 
equations  which  have  not  been  discussed  previously. 


For  VGS  > VT  or  VQ()  > VJ( 


CG6  = CGBO 

For  V,$  < VT  .and  <.VT, 

CGB  = WL  CQX  ♦ CGBO 
CGS  = CGSO 
•VO  - CGDO 


Note  the  following  cases  of  interest: 

(1)  Al  Vqj  = Vj.  or  V^jj  = Vy  and  = 0,  the  equations  above  reduce 
to 

CGS  = \ WL  Cox  ♦ CGSO 
CGO  = j WL  CQX  ♦ rGD0 
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(2)  At  saturation  in  normal  mode,  VGS  - V'G0  = V’GS  - VT 
CGS  = 3 WL  CQX  ♦ CGSO 
CGO  = 0 

The  equations  for  parasitics  associated  with  the  diffusions  are  given 
below.  They  have  been  treated  in  chapters  IT  and  111.  Tne  reader  is 
referred  to  these  chapters  for  more  detailed  discussions. 


JANS  ' aN]  * JNS 
JAND  = aN2  * JND 
JAIS  ' rr{?  * JCS 
JA1D  = a12  * JCD 


IV-  43 


Parameter  Lis 


p = materia',  resistivity 

p, , = sheet  resistivity  (ohms  per  square) 

i - 

i = length 

W = width 

Jq  = reverse  saturation  current  density 

A = ar'a 

$ = contact  potential 

.<  = junction  grade  constant 

= normal  common  base  current  gain 
CTj  = inverse  common  base  current  gain 


CGS  total  gate- to^ source  capacitance  = KV^.V^) 

•CGSO  ge'^-to-source  capacitance  due  to  gate  overlap  of  the 
source  ~ a constant 


CGD  total  gate-to-drain  capacitance  = f(V 


GS’ 


VG0) 


CGDO  gate-to-drain  capacitance  due  to  gale  overlap  of  the 
drain  = a constant 

CGB  total  gate-to-substrate  capacitance  - UV^) 

CG30  gate-to-substrate  capacitance  due  to  gHe  overlap  of  the 
substate 

RNS  A RPS  = source  resistance 
RNO  A R?D  = drain  resistance 
RNS3  A RPSB  = source-to-substrate  leakage  resistance 
KNOB  A RPDB  - drain-to-$ubstrate  leakage  resistance 
RBNS  A RBND  - P-well  resistances 
PBPS  A RBPO  - substrate  resistances 
JNS  A JPS  = source  diode  current  generator 
JNO  A JPO  = drain  diode  current  generator 
uCS  A JCP  = P-well-to-sciiStrate  diode  current  generator 
JANS  A JANP  = parasitic  collector  u»pendent  current  sources 
JAIS  A JA1  = parasitic  emitt  dependent  current  sources 


7, 
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Parameterization  • 

Values  for  parasitic  parameters  are  typically  difficult  to  * 

measure  for  several  reasons.  First,  the  capacitive  terms  are  often 
masked  by  the  packaging  capacitance,  and  measured  gate  capacitance  data 
cannot  be  easily  separated  into  package  capacitance,  gate-to-sourie  j 

gate-to-drain,  and  gate-to-substrate  depletion  capacitances.  Further-  ^ 

more,  the  gate  electrodes  of  almost  all  MOS  integrated  circuits  and  many  ' L 

discrete  MOS  transistors  are  protected  by  networks  which  protect  the  gate  j 

fror  electrical  overstress  trartsients.  The  capacitance  of  these  protectior  l 

networks  usually  completely  masks  the  gate  capacitance.  They  also  clamp  \ 

the  voltages  which  can  be  applied  to  the  gate  to  levels  below  those 
necessary  to  separate  source  and  drain  resistance  effects  froii:  variable 
mobi’ity  effects. 

Usually  the  best  approach  for  estimating  parasitics  is  to  use 
typical  values  for  the' MOS  process  being  analyzed  and  scale  the  values  by 
the  appropriate  geometrical  dimensions  of  the  device  The  following 
discussion  provides  a list  of  typical  values  and  techniques  to  be  used 
for. estimating  model  parameters  from  them.  The  typical  values  are  most 
applicable  to  CMOS/Metal  gate  technology  with  gate  oxide  thicknesses  of 

O I1 

approximately  700  A.  Figure  IV-^5  shows  the  topological  layout  of  rows 
of  N-channel  and  P-channel  devices  similar  to  those  found  in  CMOS  technology. 

It  will  be  used  as  the  principal  reference  n the  examples, 
a.  Gate  Capacitances  (CQX,  CGSO  CGDO,  CGBO) 

The  key  parameter  to  be  determined  in  establishing  the 
values  of  gate  capacitances  is  CQX.  This  i<  the  capacitance  per  unit 
area  of  the  gate-thin  oxide  semiconductor  structure.  Its  value  can  be 
estimated  from  the  permittivity  of  th?  gate  insulator  divided  bv  the 
insulator  thickness. 


£ 

t 

c 


Typical  /a1ue3  for 

ny  = 3.54  x 10'13  £- 
OX  cm 


OX 


= 8 x 10  8 cm 


QX  - 5.06  x 10'8 

cm*1 


Si02 


technologies  are: 


This  value  can  be  used  with  the  equations  presented  in  section  C.5  of 
this  chapter  to  predict  CGS,  CGD,  and  CGB'  as  a function  of  voltage. 

In  addition  to  the  voltage  variable  components  of  these 
capacitances,  there  are  fixed  capacitance  values  noted  .as  CGSO,  CGDO,  and 
CGBO.  These  are  overlap  capacitances  which  are  due  to  the  metal  gate 
extending  over  the  source,  drain,  and  substrate,  respectively.  The 
values  of  these  capacitances  can  be  estimated  as  follows: 


N-Cnannel 

CGS0  = C0X  * L0  * WN 
CGDO  * CQX  * L,  * W, 

CGBO  = Cox  * (L,  + 2Lq)  * W0B 


P-  Channel 

r + | * u 

^0X  L0  Wp 

C0X  * L0  * Wp 

C0X./  (Lp  + 2L0>  * W0B 


Typical  Values 
-4 

= Lp  = 5.  x 10  cm  (channel  length) 

Lq  = 2 x 10  4 cm 
WQB  = 15  x 10~4  cm 
w & w 

. p N - proportional,  to  the  current  capability  of  tho 
MOS  transistors  (channel  width) 

b Qiode  Capacitances 

The  depletion  and  diffusion  capacitances  associated  with 
the  source  and  drain  dioues  follow  the  same  functional  relationships  as 
those  discussed  in  chapter  II.  Since  they  are  difficult  to  measure 


directly,  tney  can  be  estimated  from  c capacitance  per  unit  area  and  from 
the  forward  dioae  current. 

Depletion  Capacitance: 

c - fidNl 
A V 2 (*  - VA) 


Typical  Values 

q (charge) 

esi  (permittivity) 

Ng  (substrate  doping) 
4>  (contact  potential) 


NMOS 

1.6  x 10'19  coul 
1.05  x lo’12  F/cm 
2 x 1016  cm'3  ' 

.9  V 

4.30  x ,10' 8 F/cm2 

4.30  x 10-8  * WN  • Lnd 

4.30  x 1J  8 * WN  * Lns 


PiMOS 

1.6  x 10'19  coul 

1.05  x 10‘12  F/cm 
15 

2 x 1013  cm  - 
.9  V 

1.37  x 10'8  F/cm2 

1.37  x 10"8  * Wp  * Lpo 

1.37  x 10‘8  * Wp  * Lpb 


Diffusion  Capacitance: 


Typical  Values 

9 = zmn 

t minority  carrier  lifetime  = 1 x 10  8 sec 

C/ln  = 6.13  x 10’6 
u amp 


c.  Diode  Current  Parameters 

The  bipolar  diodes  associated  with  the  source  and  drain 
may  be  modeled  with  reasonable  accuracy  by  the  first  order  diode  equation. 
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. _ r / ev 

*D  *0  'e 

i) 

lo  - „„2 
r - qni 

°n  1 
l"A  Ln] 

N-channel 

1(3  - nn2 

r . - qni  . 

, ,BP  ] 

P-Channel 

. 

nd  lp 

Typical  Values 

N- Channel 

P-Channel 

q (charge) 

1.6  x 10'19  coul 

1.6  x 10"19 

coul 

c» 

Ni^  (intrinsic 
carrier  concentration) 

1.96  x I020  cm'6. 

1.96  x 1020 

-6 

cm 

D (diffusion  constant) 

39  cm2/s 

15.6  cm2/s 

Nq  (doping  concentration) 

2 x 1016  cm'3 

2 x 1015  cm' 

3 

L (diffusion  length) 

6.25  x 10  3 cm 

3.95  x 10'3 

cm 

*0 

H 

9.80  x 10'12  A/cm2 

6.20  x 10"1 1 

A/cm' 

0 

38.5 

38.5  , 

!od 

9.80  x 10"12*Wn  *Lno 

6.20  x 10"11 

*Wp*L 

!0S 

9.80  x 10'12*Wn  *Lns 

6,20  x 10-11 

■ku  * 

WP 

d Drain  and  Sburce  Resistance 

Tite  drain  and  source  resistances  may  be  estimated  from 
values  of  sheet  resistivity  and  the  geometry  of  the  source  and  drain 
diffusion. 
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! 


* = p.,  * a 


Typical  Values 

p(1  (sheet  r esist  ivity) 


RS 


N-Channe 1 
lb  ohm 'square 

L. 


10 


10 


w 


■NS 

N 


(’-Channel 
40  ohm/square 

lr 


40 


' k 


■ps 


wr 


, lnd 


U 


40  * rr 


Oil 


e.  P-Well  Resistance 


The  P-well  resistance  associated  with  the  has  > o.r  the 
parasitic  transistors  can  be  estimated  from  Knowledge  of  the  P-welT  sneet. 
rrsistieity  under  the  drain  and  source  and  the  P-wel1  sheet  resistivity 
in  the  open  tuh.  In  the  structure  shown  in  figure  IV-25,  the  P diffusion 
around  the  P-well  produces  a low  resistivity  path  to  V<~.  on  each  side  ot 
the  drain.  This  has  the  effect  of  paralleling  two  resistors  and  making 
the  effective  resistance  one-half  of  the  value. 


R2  i 


p'i0  WE  1 pi  iQ  dEB 
2 LND 


Typical  Values 

P(.,q  (open  P-well  sheet  resistivity)  100  U per  square 

P(jq  (P-well  sheet  resistivity  under  the  drain)  12.000  Q per  square 


1000. Wc  500  dCQ 

D — t tt) 

K r — ♦ — r 

C L. 


■NO 


"NO 
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Note  that  Rp  the  P-well  resistor  associated  with  the  source,  has  not 
been  parameterized  here.  The  source  of  the  N--hannel  which  is  also  the 
emitter  of  the  parasitic  NPf  transistor  is  tied  directly  to  as  is  the 
P-well.  Thus,  it  is  unlikely  that  there  will  ever  be  a sufficient  voltage 
drop  across  the  base  emitter  to  turn  on  the  parasitic  transistor, 
f . Substrate  Resistance 

Substrate  resistances  are  extremely  difficult  to  estimate 
because  of  the  distributed  nature  of  the  substrate  and  the  uncertainty 
associated  with  current  flow  patterns.  If  the  analyst  considers  these 
resistances  to  be  important,  he  must  usually  select  them  bv  a trial  and 
error  procedure  where  results  are  compared  with  experimental  data  which 
he  believes  to  be  influenced  by  substrate  resistance.  This  is  likely  to 
be  an  expensive  procedure  and  will  result  only  in  a simulation  of  experi- 
mental data. 

8.  Code  Implementation 

Table  IV-4  provides  values  for  parasitic  elements  as  they  would 
be  implemented  in  each  of  the  three  models.  SCEPTRE,  CIRCUS,  and  TRAC 
models  are  lumped  together  since  they  implement  the  MOS  model  through  a 
user  defineu  subroutine.  Similar  parameters  in  each  of  the  codes  are 
placed  on  the  same  horizontal  lir.es  since  the  parasitic  parameters  are 
based  on  topological  layout  of  the  MOS  transistor.  The  following  dimen- 
sions have  been  used  to  determine  the  parameter  values  in  the  table.  The 
reader  should  reference  figure  IV-25  for  an  explanation  of  the  dimensions. 


t 


( 

\ 


i 

\ 

i 

i 


i 

) 

i 


N-Channel 


P-Channol 


-4 


Channel  length  l_N  = 5 x 10  cm  (.197  mil) 


,-4 


LP  - 5 x 10  cm  ( 1.97  mil) 


i“4 


Channel  width  VL  = 94  x 10  ^ cm  (3.7  mil)  Wn  = 145  x 10~4  cm  (5.7  mil) 


Gate  overlap 


>-4 


■rZ 


,-2 


of  drain/source  Lg  = 2 x 10  cm  (7.8x10  mil)  lg  - 2 x 10  (7. 8x10' c , mi  1 ) 


Gate  overlap 
of  substrate 


-4 


Wgg  = 15x10  cm  ( . 6 mi  1 ) 


-4 


WgB  = 15  x 10  ^ (,G  mil) 
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TABLE  IV- 4.  SCEPTRE,  CIRC-US2,  TRAC,  NET-2,  AND  SPICE2  MODEL  PARAMETER 
REQUIRED  FOR  PARASITIC  INf.USIVE  IlOS  MODEL 


TAELE  IV-4.  SCEPTRE,  CIRCUS2 , TRAC.  NET-2,  AND  SPICE2  ilODEL  PARAMETERS 
' REQUIRED  FOR  PARASITIC  INCLUSIVE  KGS  MODEL  (Continued) 


RCUS2 


TABLE  IV-4.  SCEPTRE,  CIRCUS2,  TRAC,  llET-t,  AND  SPICE2  I10DEL  PARAMETER 
REQUIRED  FOR  PARASITIC  INCLUSIVE  I10S  MODEL  (Concluded) 


N-Channel 

P-Channel 

Dra;n  length 

LN0  = 

32.5  x 10'4  cm  (1.28  mil)  . 

LpQ  = 25.6  x 10  4 cm  (1.01  mil 

Source  length 

lns  = 

23.5  x 10"4  (93  mil) 

Lps  - 25.6  x 10'4  (1.01  mil) 

P-well  length 

separating  N+ 

-4 

and  P+ 

dEB 

♦5  x 10  H *m  (1.77  mil) 

NA 

VT  = 

1.65 

VT  =-1.10 

• 

P 

7.67E-4  (KP  = 4.07E-5) 

p = 2. 44E-4( KP  = 8.46E-6? 

In  SCEPTRE,  CIRCUS,  and  TRAC,  the  parasitic  elements  are  included 
by  attaching  the  appropriate  resistor,  capacitor,  and  diode  elements  to 
the  nodes  of  the  drain  current  source  as  shown  in  figure  IV-24.  This 
technique  will  be  familiar  to  the  SCEPTRE  user  who  is  aware  of  the  necessity 
for  constructing  his  own  model.  It  ”jv  be  less  familiar  to  the  TRAC  or 
CIRCUS  user  who  uses  the  "b”i It- in"  bipolar  device  models.  Table  IV-* 
includes  the  values  for  the  elements  to  be  attached  to  the  dr* in  current 
generator  in  order  to  achieve  a model  topology  for  a CMOS  inverter  similar 
to  that  of  figure  IV-24  with  one  exception.  The  dependent  current  sources 
required  to  model  the  parasitic  transistor  associated  with  the  N-channel 
device  have  not  been  included.  Their  incorporation  is  a straightforward 
application  of  bipolar  transistor  modeling  concepts  discussed  in  chapter 
III  Thus,  only  the  source-substrate  and  drain-substrate  diodes  and  the 
P-well  resistance  values  are  given  for  N-channel  parasitics  in  table 
IV-4. 

The  reader  should  note  that  fixed  value  capacitances  have  been 
used  fer  Cg^.C^,  and  C-Q  in  the  SCEPTRE,  CIRCUS,  TRAC  models.  The 
tabulated  values  include  the  overlap  capacitance  and  half  of  the  channel 
capacitance  in  the  gate-source  and  gate-drain  capacitors,  and  only  the 
overlap  capacitance  in  the  gate-substrate  capacity  .'.  If  the  analyst 
knows  that  the  transistor  is  yoirj  to  be  operated  primarily  in  the  satu- 
rated, triode,  or  cutoff  mode,  he  may  wish  to  apportion  the  capacitance 
values  differently. 
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The  NET -2  model  incorporates  seme  parasitic  elements  witnin  th' 
MOS  model  parameter  list.  Only  those  elements  so  included  are  listed  in 
table  IV-4.  Certainly  other  pa?a$itics  could  be  ir:luded  as  discrete 
elements  attached  to  the  ap,-  opriate  nodp.  Specifically,  the  gate-to- 
substrate  capacitance,  source  and  .'”ain  resistances,  and  the  NPN  para- 
sitic bipolar  transistor  are  not  included.  f’ET-2  does  include  voltage 
variable  gate-to-source  and  gate-to-drain  capacitances  in  the  model, 
rwwever,  caution  is  required  to  use  them  properly.  Their  coining  equa- 
tions are  presented  below. 


CGS  " CG$1  for  < 


'2  C 


GSI 


'GS 


f- 


for 


GS 


'GS 


_ IZ  CGS1 


for 


G2 

* ^gT 


CGD  = CG01  fnr  VG0 


'G3 


GDI 


for 


h * J»- 

VGP1 


c . (LJm 

GO  / ‘u 


1 ♦ 


GD2 


’GO' 


VG1  (cutoff  region) 


V < V < V (saturation  region) 
G1  GS  ~ G2 


V > V (triode  region) 
Go  C.Z 


, (cutoff  region) 

GDI 


V < V < V (inverted  saturation  region 
Uul  "GO  GD2 


V < V (inverted  triode  region) 

Gl)2  GD 


If  the  analyst  associates  V~i  with  the  threshold  voltage  and  requires  the 
value  of  capacitance  in  saturation  to  be  two-thirds  of  its  cutoff  value 


(see  chapter  IV. t),  then  V^.  equals  2/7  V-p  Similarly,  if  V^  is  associated 
witn  the  transition  to  triode  operation  and  the  value  of  capacitance  in 
that  region  is  one-hair  of  its  cutoff  value,  then 

Vr?  7 VG]  = £ V, 

Similar  arguments  hold  for  C^q.  In  *'ea!itv,  the  gate  capacitance  in 
cutoff  should  be  apportioned  to  with  only  the  overlap  capacitates 
being  associated  with  and  C^.  Howeve*-,  i r the  substrate  is  elec- 
tr'zctlly  tied  to  the  source,  as  is  often  the  case,  the  gate  capacitance 
in  cutoff  can  all  b apport ion^ci  to  C^.  A long  ~s  the  transistor 
operates  in  the  normal  mode  (source  acts  as  the  source  ard  drain  act'  as 
the  drain!,  the  above  equations  give  approximately  correct  behavior  of 
the  gate  capacitance.  In  this  case,  should  he  the  total  channel 

capacitance  (Cqx*Wn*Ln  or  C^*Vr*Lp)  and  CGD 1 should  be  the  fixed  ijute-dra’n 
overlap  capacitance.  The  gate- source  overlap  capacitance  should  be 
included  as  a fixed  value  capacitance  eternal  to  the  model.  However-,  i' 
the  transistor  may  operate  in  both  normal  and  inverted  modes  te.g. , a 
transmission  aate),  both  overlap  capacitances  should  be  included  as 
external  fixed  value  capacitors,  and  half  of  the  channel  capacitance  ■ 
should  be  apportioned  to  C^j  ai  "1  C^.  The  values  in  the  table  IV-4 
reflect  the  assumption  that  the  transistor  will  always  operate  in  the 
normal  mode. 

The  <:PICE2  M05  model  also  incornbrates  a large  numter  of  para- 
sitic elemeits  as  integral  parts  of  the  model.  The  SPICE2  model  was 
designed  primarily  to  assist  integrated  circuit  designers  in  analyzing 
new  circuits.  Therefore,  a number  of  features  nave  bran  included  for 
their  convenience.  The  analyst  must  he  aware  of  theca  features  in  apply* 
ng  the  model.  He  should  consider  the  model  to  represent  the  intrinsic 
MOS  transistor.  The  intrinsic  transistor  is  that  Portion  of  the  device 
that  lies  under  the  gat-'  metal  1 i 'at  ion.  It  includes  the  channel  and  the 
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drain  and  source  overlap  regions.  All  parasitic  elements  are  assumed  to 
be  continued  to  this  region.  The  values  of  CG<.,  -nd  in  the 
parameter  list  should  be  given  in  units  of  F/cm.  They  are  determined  as 


fol lows: 


CGB  " C0X  V0B 

r = r * i 

lGS  l0X  -o 

C - C L 

OX  .0 

SP1CE2  takes  these  values  and  multiplies  their  by  the  appropriate  oi  len- 

sions  (CGg*L.N  or  CGrf’ip;  CGS*WN  o-  CGS*Wp;  C,D*WN  or  CGG*Wp)  cu  determine 

actual  capacitance  values.  Tho  value  of  channel  capacitance  's  calculated 

automatical ly  and  attributed  to  the  gcte-substrate.  gate-source,  or 

gate-drain  depending  on  th°  region  of  operation.  The  equations  governing 

the  transitions  ere  given  in  figure  IV -26  which  also  shows. a qualitative 

representation  of  the  capacitance  values  in  the  three  operating  regions. 

The  depletion'  region  canacitance  and  reverse  saturation  current 
2 1 

are  in  urits  of  F/cm  a»'.  A/rm“,  respectively.  These  values  are  mu.ti- 
plied  by  the  source  and  drain  areas  provided  in  the  model  call  to  determine 
actual  »alues.  The  diffusion  capacitance  if  not  inc’udod  as  part  of  the 
SPICE2  MOS  model. 

Fixed  value  souice  and  drain  resistors  are  included  in  the 
SPICE2  parameter  list.  In  table  I V- 4 , these  values  have  been  calculated 
for  the  intrinsic  trans  stor  only.  They  were  determined  as  follows: 


D _ 0 L0 

R * poP  Wp  °r  puP  Bjj 

Thus,  the  resistance  associated  with  the  source  and  drain  outside  the 

ove’-’ap  regions  were  not  included  in  the  model,  but  they  may  he  included 

vith  external  elements. 
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9 . Computer  Example 

Figure  IV-27  shows  t!ie  model  schematic  for  a CMOS  inverter.  It 
includes  full  parasitics  for  both  an  N-channel  and  P-channel  device. 

Note  that  the  resistance  associated  with  the  source  and  drain  diffusions, 
but  outside  the  intrinsic  transistor,  has  to  be  modeled  withewo  series 
resistances  (e. g. , , RP0P1 1 and  RPDP12).  The  parasitic  diode  or  bipolar 
transistor  has  been  connected  to  the  common  node  of  these  resistors 
(eig.,  DPDP1).  The  SPICE2  coding  for  the  model  is  shown  in  figure  TV-29 
and  the  results  of  exercising  the  model  with  a 1 ms  pulse  are  shown  in 
figure  IV-29. 

D.  RADIATION  EFFECT  INCLUSIVE  MOS  MODELS 


1.  Description 

In  modeling  the  response  of  MOS  transistors  to  radiation  exposure, 
the  analyst  is  primarily  concerned  with  ionizing  radiation  and  electrical 
overstress  pulses  resulting  from  EMP.  Since  MOS  transistors  are  majority 
carrier  devices,  their  performance  is  not  significantly  affected  by 
minority  carrier  lifetime  degradation  caused  by  neutron  damage.  Also, 
the  effects  of  neutron  damage  are  very  difficuU  to  separate  from  the 
damage  caused  by  the  ionizing  radiation  accompanying  the  neutron  fluence. 

As  a result,  there  is  no  reliable  parameterizing  data  available  for 
neutron  effect  modeling.  The  NET-2  MOS  model  contains  neutron  damage 
modeling  parameters  for  modifying  parasitic  elements  such  as  the  reverse 
saturation  current  and  the  di ffusion  capacitance.  However,  these  are 
identical  to  the  model  modifications  treated  under  bipolar  diodes  and 
transistors.  They  will  not  be  discussed  again  here.  The  interested 
reader  is  referred  to  the  radiation  effect  sections  of  chapters  II  and 
III. 

Ionizing  radiation  produces  both  permanent  damage  and  transient 
photocurrents  in  MOS  devices.  The  degree  of  permanent  damage  is  propor- 
tional to  the  total  accumulated  dose.  Ionizing  radiation  produces  hole- 
electron  pairs  in  the  gate  insulator.  In  S^,  the  electrons  have  a 
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Figure  IV-28.  SPICE2  Coding  for  Parasitic  Inclusive  CMOS  Inverter  Model 
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higher  mobility  than  holes.  Therefore,  they  tend  to  be  removed  from  the 
insulator.  This  leaves  positively  charged  holes  trapped  there.  This 
positive  charge  attracts  electrons  to  the  semiconductor  surface  and 
repels  holes.  The  net  effect  is  a shift  in  the  threshold  voltage  of  the 
device.  The  amout  of  threshold  shift  for  a given  dose  is  determined  by 
oxide  properties  and  the  polarity  and  amplitude  of  gate  bias.  The  physical 
understanding  of  charge  trapping  in  the  oxide  is  incomplete  at  this  time. 
Therefore,  no  predictive  models  exist  for  estimating  the  degree  of  threshold 
v'ltage  shift  from  physical  properties  of  the  device.  The  analyst  must 
rely  on  experimental  data  for  parameterization  information.  He  should 
use  extreme  caution  in  extrapo  ating  data  on  radiation  induced  threshold 
voltage  shifts  to  dose  levels  outside  the  range  of  measurements  and  to 
devices  taken  from  other  manufacturing  lots. 

In  addition  to  oxide  charge  trapping,  total  dose  radiation 
increases  the  number  of  surface  states,  which  tends  to  drive  both  N-channel 
and  P-channel  device,  toward  enhancement  mode  operation.  In  N-channel 
devices  this  counteracts  the  oxide  charge  trapping  effects.  In  P-channel 
devices,  it  adds  to  oxide  trapping  effects.  Physical  mechanisms  underlying 
surface  state  increase  as  a function  of  total  dose  are  not  well  understood. 
The  analyst  should  exercise  the  same  caution  in  uti i izing  experimental 
data  for  threshold  voltage  shifts  caused  by  surface  state  density  increases. 

Typically,  oxide  charge  trapping  effects  tend  to  dominate  threshold 

5 ^ 

voltage  shifts  below  10  rad  (Si)  arid  surface  state  density  increases 

tend  to  dominate  above  10^  rad  (Si).  Figure  IV  30  shows  the  effect  total 

dose  irradiation  has  on  threshold  voltage  for  sample  N-channel  and 

P-channel  devices  under  different  gate  bias  conditions. 

Ionizing  radiation  also  produces  hole  electron  pairs  in  the 
s'1 icon  material  of  the  MOS  transistor.  As  a result,  photocurrents 
appear  across  the  junctions  of  source-substrate,  drain-substrate, 

P-wel 1-substrate,  ard  any  other  diodes  associated  with  the  MOS  device. 

These  photocurrents  may  charge  or  discharge  circuit  nodes  and  result  in 
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figure  IV-30.  Illustration  of  the  Effects  of  Coou  Irradiation  on  Tnreshold  Voltages 


signal  transients  or  state  changes  in  MOS  circuits.  The  parasitic  NPN 
transistors  fc.med  in  CMOS  technoloyy  may  amplify  *he  prima  y photocur- 
rents and  produce  secondary  photocurrents;  these  are  particularly  effec- 
tive in  ch.  ging  node  voltages.  The  same  techniques  for  predicting  anil 
implementing  photocurrents  discussed  in  chapters  II  and  III  are  effective 
in  predicting  photocurrents  in  MOS  devices.  They  will  not  be  repeated  in 
detail  in  this  chapter.  The  reader  is  referred  to  the  radiation  effects 
section  of  those  chapters  for  supporting  information. 

Ionizing  radiation  can  produce  increased  leakage  between  the 
gate  electrode  and  the  semiconductor  material  during  the  radiation  pulse. 
This  is  due  to  ionization  in  the  gate  dielectric.  NET-2  contains  provi- 
sions for  modeling  this  transient  increase  in  leakage  witi.  current  gener- 
ators from  gate  to  source  and  gate  to  drain.  Transient  ionization  of  the 
gate  dielectric  is  generally  a second  order  effect  in  determining  the 
pnotoresponse  of  an  MOS  device.  Furthermore,  the  current  generators 
simulating  dielectric  ionization  generators  are  extremely  difficult  to 
parameterize  accurately.  Use  of  the  generators  is  not  recommended  and 
will  not  be  treated  in  this  handbook. 

Electrical  overstress  pulses  can  result  from  EMP,  photocur- 
rsnts,  electrostatic  discharge,  or  normal  system  turn-on  transients 
These  pulses  can  damage  MOS  devices  by  rupturing  the  gate  dielectric. 

The  dielectric  strength  of  SiO,  is  quite  high  (7  x 10^  V/cm);  however, 

c.  o 

the  gate  oxide  is  extremely  thin  (700-1000  A).  Only  50  to  70  volts  are 
required  to  damage  the  oxide.  Such  voltages  can  be  generated  by  electro- 
static discharges  encountered  in  packaging,  shipping,  and  assembly. 
Therefore,  manufacturers  provide  terminal  protection  networks  on  inputs 
and  outputs  cf  MOS  IC s and  discretes.  These  are  typically  combinations 
of  diffused  resistors  and  shjnt.  diodes  which  clamp  transients  below  the 
level  required  fur  breakdown  of  the  dielectric.  For  high  amplitude,  fast 
risetime  transients,  the  terminal  protection  network  and  terminal  metal liza 
tion  may  be  damaged  or  the  bulk  resistance  associated  with  the  diodes  may 
be  sufficiently  high  tu  allow  the  terminal  voltcge  to  rise  above  the  gate 
dielectric  breakdown  voltage.  These  effects  can  be  modeled  by  using  the 
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techniques  discussed  in  chapters  II  and  III  for  EMP  effec  on  dioder  a^d 
transistors.  In  addition,  the  gate  voltage  must  be  monitored  to  insure 
that  it  does  not  exceed  the  dielectric  breakdown. 

2.  Advantages 

Radiation  effect  modeling  for  MQS  devices  can  be  of  significant 
benefit  when  combined  with  a good  experimental  program  for  determining 
parameter  values.  Circuit  states  can  be  easily  set  and  the  effects  of 
threshold  voltage  changes  on  propagation  delays  and  fanout  capability  can 
be  readily  determined.  For  transient  effects,  the  voltages  at  internal 
nodes  can  be  monitored  and  the  effects  of  drain  and  source  dimensi  o 
changes  on  photoresponse  can  be  economically  evaluated.  For  electrical 
overstress  effects,  trade-offs  between  terminal  protection  network  design 
and  protective  efficiency  can  be  investigated. 

3.  Cautions 

There  are  no  reliable  procedures  currently  available  for  predict- 
ing threshold  voltage  sh’ft  as  a function  of  total  dose.  Seemingly  ~inor 
variations  in  processing  have  produced  major  changes  in  threshold  vo Stage 
shift  as  a function  of  total  dose.  The  analyst  should  never  extrapolate 
data  beyond  the  range  of  total  dose,  gate  bias,  or  processing  technology 
for  which  they  were  measured.  Evan  when  the  same  processing  technology 
from  the  same  manufacturer  is  used,  significant  variations  in  threshold 
voltage  shift  can  be  expected  from  lot  to  lot  The  best  approach  is  to 
try  to  bound  the  limits  of  ‘hreshold  voltage  variation^  and  to  nerfo'-m 
analyses  based  on  those  bounds.  The  results  should  then  be  reported  as  a 
range  of  values  (e.g.,  "For  threshold  voltage  shifts  between  1 and  2 
volts  che  propogation  delay  of  circuit  X was  found  to  vary  fror  100-200 
MS.").  . ' ' 

For  photoresponse  analyses,  the  parasitic  networks  are  extremely 
important.'  In  CMOS  circuits  the  NPN  transistors  associated  *ith  the 
N-channel  devices  should  be  carefully  modeled.  The  analyst  should  also 
look  for  po  -ntial  PNP  devices  wh:ch  can  be  coupled  with  the  NPN  parasitics 
to  form  an  SCR  structure.  If  such  a structure  is  triggered,  it  may  latch 
in  a conducting  state  and  regain  conducting  even  after  the  ladiation 
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stimulus  is  removed.  The  minority  carrier  lifetimes  in  the  silicon 
material  used  for  the  substrates  of  MOS  devices  tends  to  be  quite  long. 
Therefore,  the  analyst  should  include  the  diffusion  compo'  nt  of  the 
photocurrent  it)  any  photoresponse  calculation. 

EMP  modeling  should  carefully  consider  all  possibl:  current 
paths  and  accurately  model  all  parasitic  diode  junctions  associated  with 
them.  This  usually  results  in  a reasonable  effort  for  input  terminals, 
but  may  be  unreasonably  difficult  for  outputs  and  power  supply  terminals. 
Analysis  results  shou’d  be  verified  by  tes'  data. 

4.  Characteristics 

a.  Topology 

■ Figure  IV-31  shows  a schematic  representation  of  a CMOS 
inverter  with  an  input  protection  network  and  all  photocurrent  generators 
drawn  between  appropriate  nodes.  Figure  IV-32  shows  the  model  topology 
required  for  a photoresponse  analysis  of  the  inverter.  Note  that  no 
topology  variations  are  required  to  implement  threshold  voltage  varia- 
tions with  total  dose.  Only  a parameter  change  in  the  drain  current 
model  is  required. 

b.  Typical  Effects 

Figure  IV-33  shows  experimental  data  for  the  variation  in 
saturated  drain  current  as  a function  of  gate  voltage  and  total  dose 
levels. 


5.  Defining  Equations 

a.  Total  Dose  Effects 

The  threshold  voltage  can. be  written  as: 
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Section  E gives  a complete  description  of  this  equation  and  its  implementa- 
tion in  second  order  effect  inclusive  MOS  models.  The  interested  reader 
is  referred  to  that  section.  Tr.e, point  to  be  made  here  is  that  both  the 
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oxide  charge  (Qs$)  and  the  number  of  surface  states  (N^)  directly  influ- 
ence the  value  of  the  threshold  voltage  (V-j.).  Therefore,  threshold 
voltage  shifts  resulting  from  either  effect  can  be  modeled  by  incrementing 
or  decrementing  tse  value  of  Vj.  Thus,  total  dose  effects  can  be  success- 
fully implemented  in  either  first  order  or  second  order  effect  models. 

In  this  section,  the  radiation  effects  are  included  with  the  first  order 
model.  In  the  next  section,  appropriate  discussions  are  included  with 
the  second  order  model  tc  guide  the  user  in  any  special  requirements  for 
including  radiation  effects.  The  presentation  here  is  not  meant  to  imply 
that  tne  analyst  should  avoid  the  use  of  the  second  order  model  with 
radiation  effect*.  It  simply  reflects  that  the  presentation  of  the  ; 
radiation  effects  modeling  is  simpler  if  the  first  order  model  is  used, 
b.  Photocurrent  Effects 

Any  of  the  defining  equations  and  implementations  of 
photocurrent  generators  discussed  previously  with  bipolar  diodes  can  be 
used  with  the  parasitic  diodes  and  transistors  in  MOS  devices.  Since  the 
minority  Carrier  lifetimes  are  quite  long  in  MOS  substrates,  the  diffusion 
component  of  the  photocurrent  should  be  considered  ip  whichever  implementa- 
tion is  chosen.  The  reader  ip  referred  to  the  radiation  effects  section 
of  chapters  II  and  III  for  a more  complete  discussion.  In  this  section, 
a douple  exponent. al  will  be  used  to  simulate  the  primary  photocurrent. 
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c . Electrical  Overstress  Effects 

A.  noted  above,  electrical  overstress  pulses  can  result  in 
damage  tb  either  terminal  protection  networks  (Dj,  0^,  0^,  and  R1  in 
figure  TV-31)  or  to  the  gate  dielectric.  The  diode  damuge  in  the  protec- 
tion network  is  a function  of  the  applied  power  as  expressed  by  the 
equation 
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PF  = Kt  /2  !F  VBD  + *F  RB 

This  equation  is  useful  .o*'  pulse  widths  between  100  ns  and  100  ps.  The 
value  of  the  damage  constant  can  bn  estimated  from  the  diode  junction 
area  from  the  empirical  equation 

K = 23.9  A'62 


The  gate  voltage  must  also  be  monitored  to  insure  that  the  condition 
Vg  < tQX  * 7 x 106  V/cm 


’s  never  exceeded. 

6.  Parameter  List 

a.  Total  Dose  Effects 

- Change  in  thr^hold  voltage.  The  parameter  may  be 
either  positive  or  negative.  The  value  should  be  determined  from  experi 
mental  data.  The  posti rradiation  threshold  voltage  becomes 
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b.  Photocurrent  Response 
. I - peak  photocurrent 

t^p  = time  delay  between  the  beginning  of  the  computer 
solution 

and  the  onset  of  the  radiation  pulse 
Tp  = time  constant  of  the  photocurrent  leading  edge 
tgj-  = time  delay  between  the  beginning  of  the  computer 
solution 

and  the  beginning  of  the  photocurrent  decay 
= time  constant,  of  the  ohotocurrent  trailing  edge 
Figure  I V -34  illustrates  the  primary  photocurrent  waveform. 
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Figure  IV-34.  Primary  PhotocUrrent  Waveform 

c.  Electrical  Overstress 

K ■=  damage  constant  for  the  diode 
Pp  = failure  power 

t - elapsed  time  from  the  onset  of  the  electrical  overstres., 
pu  l so 

Rg  = bulk  resistance  intimately  associated  with  the  junction 
and  contributing  to  junction  heating 

7.  Parameter! zation 

a.  Total  Dose  Effects  - AVy 

(1)  Typical  value  - No  typical  change  in  threshold  voltage  shift  as 
a function  of  total  dose  can  be  given  because  of  the  large 
variations  resulting  from  different  manufacturing  techniques. 

(2)  Measurement  - Figure  IV-35  shows  the  extrapolation  of  saturated 
drain  current  measurements  to  yield  values  of  threshold  voltage 
shifts  for  an  off  N-channel  device.  Table  IV-5  gives  the 
values  of  AV^  which  will  be  used  for  N-channel  and  P-channel 
devices  irradiated  under  two  different  bias  conditions  in  the 
following  examples. 
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TABLE  IV-5.  THRESHOLD  VOLTAGE  SHIFTS 
INDUCED  BV  TOTAL  IONIZING  DOSE 


0 

1 x 10b(rad) 

2 x 105(rad) 

5 x 105(rad) 

VT 

avt. 

avt 

AV-, 

N-charnel  (op) 

•*■1.65  V 

-1.4/  V 

-2.20  V 

-3.60  V. 

N-channel  (off) 

+ 1.65 

- .50 

+ .20 

-i  .40 

P-channel  (on) 

-1.13 

- .15 

- .15 

- .30 

P-channel  (off) 

-1.13 

' ,-27 

- .47 

- .82 

Note  that  in  figure  IV- 35  the  dope  of  the  Tp  versus  Vfi  curve  changes 

significantly  at  higher  doses.  Also,  significant  currents  flow  below  the 

£ 

threshold  voltage  at  dqses  greater  than  10  . Variations  in  slope  can  be 
accounted  for  by  modif)‘ng  the  parameter  in  the  first  order  model. 
Current  flow  below  the  thresnold  voltage  will  be  treated  in  the  next 
chapter  (see  weak  inversion  effect  in  section  IV-E).  The  analyst  must 
use  his  judgment  and  the  requirements  of  his  analysis  to  decide  when 
these  effects  become  important. 

b.  Photocurront  Effects 

(1)  Ipp  - Peak  photocurrent.  Typical  value  - peak  values  of  pri- 
mary photocurrent  may  be  estimated  using  the  follow4 rig  equation: 


= 6.4  x 10"b*  y W + L erf 


W = depletion  layer  .widtn 


/ 2c s («j.  -VT) 


W = 7.69  x 10'5  cm  for  Nn  = 2 x 1015  (P*N  diode)  at  V . - 0 V 

° J 

= 2.68  x 10'4  at  Vj  =10 
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(3) 


Kt 


MT 


P N 
N+P 


W - 2.43  x 10  ^ cm  for  N Q = 2 x 10^®  /w+p  a-  a \ 

8 c x ,u  (N  P diode)  at  V.  = o 

= ft. 46  x 10"5  at  V.  = 10  3 

J 

diffusion  length  = yJo{  = ^ I 

L = 3.95  a 10  3 cm  fcr  Ng  = 2 x 1015, 

L = 5. 10  x 10  3 cm  for  Ng  = 2 x 1016 
erf  .025  = .028 
erf  . loo  = .112 
erf  .5  = .521 

erf  1 = .843 

^r  a 25-ns  pulse  width  and  material  rith  a i • • 

JPP  for  a dose  rate  of  lo9  rad  (Si)/s: 

0 v 10  V 

*+P  diode,  J-C7  Vcm2  1.15  A/cm2 


N 


(2) 


'P  diode  1.2  A/cm2  2.42  A/cm2 


• Time  constant  for  leading  edge  at  the  pulse  Typical 

~ts;y  °"e'tMrd  °f  ^ *-«>  £ «».» 
he  radiation  pulse  and  the  maxmu.  photocurrent  For  a 

radiation  pulse  with  a p„,Se  width  of  25  ns  3 ' J * 

tT  ‘ lime  constant  tor  trail i„g  £,Se  o.  the'ple.  pka, 

■ ~ SDDraxUnAtaU,  „ - ypicai 


.,1  y cuytf  tne  pulse  Twn,V*l 

value  - approximately  one- third  of  the  minority  carrier  li 
time  assumed  for  the  material  , • hfe* 

of  » MS,  tf  = 333  PS.  ' m,n0r,ty  C3rrfer  J Retime 

C'  EJectrical  Overstrpss 

u>  K ' DMige  constant.  Typical  ,alue  - K = s'  9 »•<*  c 

diodes  to  be  used  in  the  example:  ' “r  ^ 
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1 


-1.66 

X 

10~5 

cm2 

K = 

.026 

= 6.84 

X 

10*6 

cm2 

K = 

. C 1 5 

--  2.32 

X 

10“  5 

cm2 

K = 

.032 

These  are  damage  constants  for  reverse  biasing  electrical 
overstress  pulses  If  the  pulse  forward  biases  the  junction, 
the  damage  constants  are  typically  multiplied  by  a factor  of  10. 

(2)  Rg.  Typical  value  - estimation  of  the  bulk  resistance  is 

general ly  quite  difficult.  However,  values  of  30  i)  have  giver, 
satisfactory  results  in  previous  investigations. 

RB  = 30  0 

3.  Code  Implementation 

Only  NET-2  has  provisions  for  directly  implementing  drain  and 
source  photocurrent  generators  in  the  MOS  model  itself.  Each  of  the 
codes  require  manual  changes  in  the  threshold  voltage  parameter  in  order 
to  simulate  total  dose  effects.'  SPICE2  can  only  implement  the  double 
exponential  form  cf  the  photocurrent  generators  and  cannot  implement  the 
electrical  overstress  subroutine.  Table  IV-6  gives  parameter  values  for 
implementing  photocurrent  equations  in  NET-2.  Otherwise,  all  implementa- 
tion parameters  are  identical  to  those  given  previously  in  table  IV-4. 

The  areas  for  the  source  and  drain  diffusions  have  been  used  to  calculate 
IP11,  I P 1 2 , IP21,  and  IP22  according  to  the  scheme  indicated  below. 


IP11  = 6.4  * 10‘6  *W*AS 


(N  P)  IP11  = 


6.4x10 


rad(Si )*cm 
s 


|2.43xl0'5cm)^2.2xl0‘5  cm2)(l0  ^ ) 


Source 

Area 
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9.  Computer  Examples 

Three  computer  examples  are  provided  below.  Figure  IV-36 
presents  a SPICE2  listing  of  the  inverter  examined  previously,  with  a 
complete  set  of  photocurrent  generators.  Figure  IV-37  shows  the  results 
of  exercising  this  inverter  to  determine  propagation  delays  as  a function 
of  the  threshold  voltage  shifts  listed  in  table  IV-5.  See  the  SPICEZ 
listing  in  chapter  iV.C  for  circuit  description  for  propagation  delay 
analysis  Figure  IV-38  shows  the  low  state  photo  response  of  the  inverter 
at  1 x 10^,  1 x 1010,  end  5 x 10^  rad  (Si)/s.  Note  that  at  1 x 1010  rad  , 
(Si)/s,  significant  secondary  photocurrents  have  been  generated  by  the 
parasitic  transistor. 

Figure  IV-39  gives  a SCEPTRE  listing  of  the  input  protection 
network  such  as  that  shown  previously  in  figure  JV-31.  The  gates  of  the 
N-channel  and  P-channel  transistors  have  been  replaced  with  an  equivalent , 
capacitor.  Table  IV-7  gives  the  result  of  exercising  this  circuit  for  a 
variety  of  electrical  overstress  pulse  amplitudes. 
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Figure  IV-36.  SPTCE2  Listing  of  Inverter  Circuit  with  Photocurrent  Generators 
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Electrical  Overstress  Analysis 
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MOS  MODELS  INCLUDING  SECOND  ORDER  EFFECT 


0 


1 . Description 

The  first  order  MOS  model  discussed  in  section  8 of  this  chapter 
is  primarily  useful  for  s:mu1ating  the  „/V  characteristics  cf  an  individual 
MOS  transistor.  The  threshold  voltage  and  the  t*'ansconductar.ce  factor 
are1  measured  and  used  in  the  model  equations  to  match  the  experimental 
data.  This  model  can  be  useful  in  predicting  circuit  response  from 
knowledge  of  electrical  characteri sties  of  individual  piecepa. ts.  How- 
ever, there  are  two  major  limitations  associated  with  the  first  order 
model,  first,  the  analyst  is  often  unable  to  measure  the  threshold 
voltage  and  transconductance  factor  of  individual  transistors.  They  mav 
be  inaccessible  due  to  their  location  within  an  integrated  circuit,  or 
they  may  be  in  the  design  stage  and  the  analyst  may  be  interested  in 
parametric  trade-off  studies  before  finalizing  the  design.  For  these 
cases,  the  analyst  requires  a model  which  he  can  parameterize  from  a 
physical  description  of  the  device  in  terms  of  doping  concentrations , 
oxide  thicknesses,  etc.  Such  a model  must  provide  reasonably  accurate 
predictions  of  individual  transistor  characteristics  if  it  is  to  be 
useful. 

The  other  difficulty  with  the  first  order  model  is  its  un- 
sophisticated functional  form.  Its  mathematical  construction  is  not 
sufficient,  to  accurately  represent  the  actual  I/V  characteristics  of  four 
terminal  MGS  devices.  The  so  called’  second  order  effects  which  are 
responsible  for  the  deviation  of  MOS  characteristics  from  the  simple 
theory  represented  by  first  order  model  are  of  major  importance  for  the 
small  geometry  transistors  found  in  integrated  circuits.  Failure  to 
account  for  these  second  order  effects  can  result  in  gross  inaccuracies 
in  prediction  of  integrated  circuit  response. 

In  this  chapter,  second  order  MOS  models  are  discussed  which, 
are  parameterized  from  physical  data  related  to  the  fabrication  process. 
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The  aiscussion  includes  the  following: 

(1)  Substrate  Bias  Effects 

(2)  Two-Dimensional  Effects  on  Threshold  Voltage 

(3)  Weak  Inversion  Effects 

(4)  Chanel  Length  Modulation  Effects 

(5)  Variable  Mobility  Effects 

(6)  Temperature  Effects 

All  of  these  effects  are  not  included  in  all  of  the  models. 

The  discussion  will  indicate  how  the  effects  are  implemented  and  what 
parameters  the  analyst  must  supply  to  use  them  effectively.  In  general, 
the  SCEPTRE/TRAC/CIRCLiS2  subroutine  (referred  to  as  the  SCEPTRE  model) 
and  the  SPICE2  bni lt-in  model  contain  quite  complete  second  order  effects. 
The  built-in  NET-2  model  remains  an  essentially  empirical  model  with  some 
provisions  for  including  second  order  effects  through  increased  mathemat- 
ical sophistication.  Example  computer  solutions  have  been  included  to 
demonstrate  the  modifications  in  I/V  characteristics  resulting  from 
varying  the  value  of  parameters  associated  with  each  of  the  second  order 
effects.  The  analyst  should  use  these  exar ales  to, determine  if  his  prob- 
lem requires  modeling  a particular  effect. 

?.  Advantages 

The  functional  form  of  the  second  order  models  are  much  mqre 
representative  of  MOS  transistor  behavior  than  the  first  order  model. 

They  will  generally  support  analysis  over  a much  greater  range  of  forcing 
currents  and  voltages  than  the  first  order  models.  This  is  especially 
true  for  the  small  geometry  transistors  used, in  MOS  medium  and  large 
scale  integrated  circuits. 

3.  Cautions 

As  model:  become  more  sophisticated,  the  analyst  finds  it 
increasingly  difficulv  to  retain  a grasp  of  the  interactions  of  all  the 
model  parameters.  This  is  especially  the  case  for  very  flexible  models 
such  as  the  one  found  in  SPICE2.  That  model  permits  the  analyst  to 
either  input  rertain  second  order  effect  parameters  or  to  allow  the  code 


to  calculate  them  from  basic  physical  data.  Extreme  caution  must  be 
exercised  to  insure  that  parameters  are  specified  in  a consistent  manner. 
For  example,  if  the  analyst  specifies  KP,  the  intrinsic  transconductancr, 
in  the  SPICE2  model  he  will  override  any  value  for  mobility  which  he  may 
specify  later  in  the  parameter  list.  This  potential  for  inconsistent 
parameterization  increases  the  ir.iportanee  of  exercising  the  models  in 
"curve  tracer"  runs  before  using  them  in  circuit  analyses.  Only  by 
looking  at  the  I/V  characteristics  in  a format  where  he  knows  what  to 
expect  can  the  analyst  insure  that  the  model  is  parameterized  properly. 

4.  Characteristics 

a.  Topology 

Figure  IV-4G  shows  the  topology  of  the  SPICE2  model  for  an 
N-channel  transistor.  Note  that  this  is  the  same  topology  as  used  in 
previous  sections  of  this  chapter.  The  second  order  effects  modeling  is 
primarily  concerned  with  the  functional  form  of  the  drain  current  gener- 
ator. Therefore,  no  topological  variations  are  required. 

b.  Tynical  Effects 

1 ) Substrate  Bias 

MOS  transistors  are  actually  four  terminal  devices. 

As  a tesult,  a '-everse  biasing  potential  can  appear  between  the  source 
and  substrate.  The  use  of  MOS  transistors  as  transmission  gates  is  an 
application  where  the  source  and  substrate  are  typically  at  different  . 
potentials.  The  result  of  reverse  biasing  drain  to  source  voltage  is  to 
increase  the  amount  of  charge  stored  in  the  depletion  region.  Conse- 
quently, th,»  drain  current  decreases  for  a fixed  gate  vlolt^ge.  Figure 
IV-41  shows  qualitative  representation  of  this  effect. 
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Figure  IV-41.  Substrate  Bias  Effects  on  Drain  Current  at  a 
Fixed  Gate  Voltage 


The  SCFPTRE  and  SPICE2  second  order  models  include 
substrate  bias  effects  on  the  drain  current;  however  the  NET-2  model  does 
, not. 

2)  Two-Dimensional  Effects  oh  Threshold  Voltage 

As  the  channel  length  of  an  MOS  transistor  is  shortened 
to  less  than  approximately  5 pm,  the  amount  of  depletion  layer  charge 
which  is  effective  in  terminating  the  E-field  lines  due  to  the  gale-sub- 
strate potential  is  significantly  decreased.  The  result  is  a lower 
threshold  voltage  and  a modified  turn-on  characteristic  compared  to  that 
normally  predicted;  This  effect  can  best  be  observed  by  comparing  the 
characteristics  of  transistors  with  the  same  width  to  length  ratios  but 
diff.erent  chenhel  lengths.  Figure  IV-42  shows  a qualitative  example  of 
the. two -dimensional  effect  on  threshold  voltage.  Only  the  SPICE2  model 
incorporates  this  effect. 


Figure  IV-4 2.  Two  Dimensional  Effects  on  Threshold  Voltage 


3)  Weak  Inversion  Effects 

Most  first  order  models  assume  that  drainrto-source 
conduction  begins  abruptly  once  the  gat“-to-source  threshold  ooltage  is 
reached.  In  reality,  conduction  begins  below  the  threshold  voltage  and 
increases  exponentially  until  it  intersects  the  drain  current  predicted 
by  the  tirst  order  theory.  Proper  simulatirn  of  current  in  the  weak 
inversion  region  below  toe  threshold  voltage  can  be  of  significant  impor- 
tance in  modeling  devices  which  have  been  subjected  to  ionizing  radiation 
with  a resulting  increase  in  the  surface  state  density.  The  SP1CE2  model 
contains  weak  inversion  effects  explicitly  within  the  model.  Figure 
IV-43  shows  a qualitative  example  of  the  weak  inversici  effect[  on  the 
turn  on  characteristic  of  a MOS  transistor. 
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Figure  IV  43.  Weak  Inversion  Effects  on  Turn  on  Characteristic 

4)  Channel  Length  Modulation  Effects 

MOS  transistors  with  relatively  short  charnel  lengths 
(<  10  pm)  often  exhibit  finite  drain-to-source  conductance  (i.e.,  an 
imperfect  saturation  characteristic)  for  drain-to-source  voltages  exceeding 
pinchoff.  This  is  primarily  due  to  the  spread  of  the  drain  depletion 
region  into  the  channel  with  a subsequent  shortening  of  the  effective 
channel  length.  Figures  IV-44  and  IV-45  illustrate  the  spread  of  the 
depletion  region  and  its  affect  on  drain  characteristics.  The  SCEPTRE, 
NET-2;  and  SPICE2  models  all  contain  provisions  for  modeling  finite  con- 
ductance in  saturation.  Each  uses  a different  technique  for  implementing 
the  effect. 

5)  Variable  Mobility  Effects 

The  surface  mobility  (p^)  which  is  a factor  in  the 
trans-onductance  term  (p)  is  a function  of  the  applied  voltage.  The 
value  of  ps  increases  to  its  maximum  value  when  the  rate  vcHage  approaches 
the  threshold  voltage.  Thereafter,  it  decreases  with  increasing  gate-to- 
sourre,  drain-to-source,  and  substrate-to-source  voltage.  Its  maximum 
value  is  always  less  than  the  mobility  in  'bulk  silicon.  The  result  of 
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the  decreased  mobility  is  a decrease  in  drain  current  with  gate  voltage 
at  the  higher  values  of  gate  voltage.  This  effect  is  illustrated  quali- 
tatively in  figure  IV-46.  the  SCEPTRE,  NET-2,  and  SP1CE2  models  incorporate 
variable  mobility  effects  although  different  implementation  approaches 
ire  used. 


V/I  CHARACTERISTIC 
WITHOUT  VARIABLE 
MOBILITY 

V/I  CHARACTERISTIC 
WITH  VARIABLE 
MOBILITY 


Figure  IV-46.  Variable  Mobility  Effect? 


6)  Temperature  Effects 

Temperature  variations  affect  many  of  the  physical 
parameters  used  in  the  second  order  model.  These  include  the  Fermi  level 
and  several'  terms  which  are  multiplied  by  the  factor  KT/q.  For  silicon 
gate  devices,  the  silicon  gate  work  function  must  also  be  varied  with 
temperature  The  SPICE2  model  provides  automatic  updating  of  appropriate 
mode!  parameters  with  temperature.  This  must  be  accomplished  manually  in 
the  SCEPTRE  model.  Figure  IV-47  qualitatively  illustrates  the  effect  of 
temperature  on  MOS  transistor  turn-on  characteristics. 
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b ■ Two  Dimensional  Effects  on  Threshold  Voltage  (SPICE2  only) 
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d.  Channel  Length  Modulation  Effects  (SCEPTRE,  SPICB2,  NE'i-2) 
Foi*  VD  > Vp: 
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where  the  upper  sign  is  valid  for  N-channel  devices  and 
th<»  lower  sign  is  valid  for  P-channel  dpvic.es. 
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The  SCEPTRE  model  equations  account  for  the  effect  of  the 
mobile  carriers  in  the  channel  on  the  spread  of  the  depletion 
region.  This  presents  the  premature  prediction  of  punch  through 
of  the  depletion  region  fcom  the  source  to  drain. 

(2)  SPICE2  Model 
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Note  that  term  2 in  the  L equation  has  a functiona  form  which 
wes  chosen  tc  insure  a smooth  transition  in  current  between 
linear  and  saturated  regions  of  operation.  For  values  of 
approaching  zero  and  small  values  of  V^y  (V^y  = ~ Vy), 

a significant  value  of  L -an  be  calculated  from  this  functional 
form.  This  is  not  physical,  anc  such  areas  should  be  examine-’1 
carefully  by  ’.he  analyst.  . 

(3)  NET- 2 Model 

Ai  ,A?  JV  A;V  vgs  l#4  * VW 

* (vos  ’ vp)  (Ki  • 'As  * Vgs) 

2 

The  term  ( K , ♦ K^V.C  ♦ K ,Vrc)  is  equivalent  to  a drain  sat ura- 
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tion  conductance.  Physically,  the  satu. ated  drain  conductance 
can  be  written  as: 
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Although  these  constants  can  be  calculated,  the  analyst  may 
wish  to  use  only  if  a constant  value  of  saturated  cunductance 
is  sufficiently  accurate  over  the  operating  region  of  interest. 

If  experimental  data  are  available,  K^,  i^,  and  may  be 

selected  to  fit  the  data.  NET-2  contains  curve  fitting  routines 
for  determining  values  for  all  model  constants  if  the  user 
provides  experimental  values  for  V^,  Vq^,  and  1^  in  the  vicinity 
of  the  transition  from  triode  to  saturated  operation. 


e.  Variable  Mobility  Effects 
(1)  SCEPTRE  Model 


This  reflects  the  voltage  drop  along  the  channel. 
(2)  SPICE?  Model 


(3)  NET-2  Modei 

The  triode  region  equation  for  drain  current  in  NET-2  is: 

*D  = VDS  [A1  4 A2  Ks  * A3VDS  4 VGS  ^A4  4 A5Vr,S)] 

The  nefficient  is  the  tfansconductan.e  factor  arid  is  of 
primary  importance  in  determining  the  drain  current  as  a func- 
tion of  gate  voltage.  If  A^  has  a negative  value,  it  can  be 
us  J to  reduce  the  transconauctance  as  a function  of  gate  and 
dr j in  voltage.  This  a purely  empirical  approach  to  simulat- 
ing the  effects  of  mobility  degradation.  Therefore,  the,  analyst 
should  have  experimental  data  available  before  at  temping  to 
use  this  portion  of. the  NET-2  model. 
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f . Temperature  Effects  (SPICE2  only) 
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For  aluminum  metai  qate  devices,  »3 .2  V;  'or  silicon  gate  devices, 
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The  variations  in  V^N  with  terrce^ature  are  made  automatically  in  SPICE2 
for  whatever  temperature  is  Sv’clfied  bv  the  analyst.  Similar  parametric 
variations  can  be  made  <ii  the  SCEPTRE  model,  but  they  mjst  be  made  manually. 
6.  Parameter  List 


'OX  " 

Lox  : 


sox 

►so 


Eg/2q  = 


oxide  capacitance  F'rs. 
oxide  thicxner.s  i cv  ; 

channel  ipacing  between  source  and  drain) 

(cm) 

channel  width  (the  drain  or  source  dimension  per- 
pendicular to  the  channel  length)  (cm) 
gate  - SiO^  Work  function  (3.2  V) 

Si  - SiO,,  work  function 

potential  difference  between  the  bottom  of  the  SiC^ 
conduction  band  and  the  bottom  of  the  SiC^  conduction 
band  (3.25  V) 

intrinsic  Fe'mii  potential  (».56  V) 
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Fermi  level  (volt) 

. . . • . * 3 

intrinsic  carrier  concentration  (cm  ) 

-3 

substrate  doping  concentration  (cm  ) 
flat  band  voltage  (volt) 

permittivity  of  silicon  dixoHe  (3.54  x 10  ^ F/cm) 


t. . - permittivity  of  silicon  (1.05  x 10  ' F/cm) 

s ■ ' - 1 y 

g - electronic  charge  (1.6  x 10  coulombs) 

X.  - drain  junction  depth 

X.  " depletion'  laver  widtn 

0 . ■) 

- surface  state  density  (cm  ) 

M/a  - 0 26,  V at  ?/°C 

tc  critical  t field  intensity  for  the  onset  of  space 

; charge  limited  velocity  effects 

Xc  - channel  depth 

V pinchoff  voltage  (P-channel) 

e / 

VL  - space  charge  limited  velocity  - 6 x 10  cm/s  (N-channel) 

- .1  x 10^  cm/s  (P-channel) 

2 

p - surface  mobility  (cm  /V-s) 

s 2 

pQ  - maximum  surface  mobility  - 005  cm  /V-s  (N-rhannel) 

- I'.i6  cm^/V-s  (P-channel) 

Fs  - suriace  E field  intensity 

^CRII  “ surface  E field  required  for  onset  of  variable  mobil- 

ity effects  in  SPICE? 

Uy^A  r transverse  field  coefficient  for  variable  mobi 1 ity 
effects  in  SPICE? 

Uy^p  - mobility  variation  exponent  in  SPICE2 
7.  Parameter i /at  ion 

Each  or  the  major  second  order  effects  are  parameterized  in  the 
following  subsections.  The  paraireteri /at ion  is  accomplished  from  the 
following  physical  characteristics  for  the  N-channel  and  P-channel  tran- 
sistors. Ihe  parameters  given  in  tablp  IV— 8 will  he  used  to  calculate 


, IV- 104 


■ ' 

TABU 

IV-H.  MOs  MOOt  l f'ARAMf  f f R VAIULS 

■ 

f'HYSICAt 

PAR  AMH  f R 

N-CMaNNI  t VAl  Ilf 

P-CHANNf  [ V/U  Uf 

l0X 

! x 10  f>  cm 

/ x 10  h cm 

N 

ss 

1 Ill"  cm  ‘ 

1 x 10 11  cm  ‘ 

Nfs 

II  - ^ 

1 x 10  cm 

ll  - > 

1 x 10  cm  ^ 

1..’  V 

3.?  V 

sVn 

■ 

,1..’S  V 

.l./b  V 

(j 

. bt>  V 

. bf>  v 

"■  ( 

:ro 

1.4!)  x 1 0 ' " cm  3 

1.4b  x 10 10  cm*3 

nb 

<’  x 10^’  cm  3 

0 x I0,i  .cm*3 

K I /<J 

CV'V:) 

. . O.'b  V 

.O.’b  V 

X . 

J 

x 10  4 cm 

2 x 10  4 cm 

[ 

b x (0  4 cm 

b x 10  4 cm 

w 

!>  x 10  ' cm 

b x 10  3 cm 

'ox 

3.S4  x 10  *•’  f /cm 

3.  b4  x 10* 13  f /cm 

s 



10!)  x l,r'*  f /cm  ■ 

1.0b  x ,IO*';?  r/cm 

l 

t 

• 

f 41)  x W4  V/cm 

<1.81  x 1115  V/cm 

X 

c 

1 x 10  ^ cm 

1 x 10  h cm 

Mo 

fiOS  t mVV-s 

' ■) 

K.6  cm  /V-s 

"cRII 

1 x U)4  V/cm 

1 x I04  V/cm 

Uf  XV 

. 100 

, i'4,* 

UTRA 

.100 

. .100 

■ 

iv- ms 

* 


mode;  variables  for  transistors  representing  an  aluminum  qate  CMOS  process 
w.iich  yields  devices  which  can  operate  with  supply  voltages  (Vqq)  between 
b and  lb  V. 

a . Substrate  Bias  I ffects 

Ihe  second  ordei  models  f"r  SCEPTRE  and  SPICE2  do  not 
require  the  specification  of  the  threshold  voltage.  In  fact,  the  analyst 
should  not  specify  the  parameter  V TO  in  SPICE2  if  he  specifies  the  sub- 
strate dopinq  parameter  (NsUB).  However,  the  analyst  must  calculate  some 
parameter  i. Hated  to  threshold  voitage  for  the  SCEP1RE  mode!  and  he  may 
find  it  useful  to  continue  the  calculation  for  the  complete  threshold 
voltage  to  serve  as  a check  on  the  model  for  both  SCEPTRE  and  SPICE2. 

NET-2  does  not  contain  provisions  for  modeling  substrate  bias  in  the 
drain-source  current  However,  the  effect  of  threshold  voltage  variation 
for  fixed  valups  of  substrate  source  voltage  can  be  accounted  for  in  the 
parameter  Aj.  The  reader  is  referred  to  chapter  IV.l.S.b  for  the  relation 
rhip  of  the  following  calculations  to  the  model  parameters. 

I)  Transcenductance  Factor 


N-Channel  Value 


Hs  C0X  W 
L 


80b  x b. 06  x 10‘8  x.S  x 10~3  _ 4 o;  )Q-4 


x 10 


-4 


P-Channel  Value 

166  x b. 06  x 10~8  x 5 10'3  = g 40  x 10'-5* 

b x 10' 4 

is  set  equal  to  pQ  for  these  calculations 
The  SCEPTRE  M0S  model  parameter  is: 

M CnyW 

BO  = -S-5S- 


The  SPICE2  M0S  model  parameter  is: 
KP  ~ MoC0X 
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In  SP1CEG,  specification  of  K will  override  subsequent  specifications  of 
variable  mobility  parameters.  Ihe  analyst  should  not  specify  K when 
working  with  the  second  order  model  in  SPICE?. 

The  NE1-?  transconductance  parameters  are: 


MsC0XW 


A,  = * 


I MsC0XW 


?)  Bulk  threshold  Parameter 


N- Channel  Value 


P-Channel  Value 


V^sA 

Li)X 

Ihe  SCEPTRE  MOS  model  parameter  is: 

kl  % qNR 

PHI  = — § 

*r  cox 

Ihe  SPICE  MOS  model  parameter  is: 


GAMMA  = 


> s,lNB 


The  GAMMA  value  will  be  automatical ly  calculated  by  SPICE?  if  values  for 
the  Ng  and  t^  parameters  are  provided  by  the  analyst.  Therefore,  a 
separate  value  for  GAMMA  should  be  entered  only  ii  the  indicated  calcu- 
lation procedure  is  not  acceptable. 
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The  NET-2  MOS  model  parameter  is: 


Note  that  only  multiplies  in  the  NET-2  mod*  and  does  not  produce 
variations  in  drain  current  or  threshold  voltage  with  Vg<-. 

3)  Fermi  Potential 


N-Channel  Value 


P-Channel  Value 


? 


2 x .026  V n 


/ 2 x iO16  \ 

\ 1.45  x 10^) 


735  2 x .026  Vn 


45  x 10 


10 


\ 2 x 10 


TT 


The  SCFPTRE  MOS  model  parameter  is: 

FLEF  = 2^)f 

The  SPICE2  MOS  model  parameter  is: 

PHI  = 2d*F 

SPICE 2 will  automatical ly  calcu’ate  the  value  of  PHI  if  the  value  of  Ng 
is  specified  in  the  parameter  list.  The  analyst  should  only  specify  a 
value  for  PHI  if  he  wishes  to  use  an  experimental  value. 

The  NET-2  MOS  model  does  not  use  the  Fermi  level  as 
an  explicit  parameter. 

4 ) flat  Band  Voltage 

N-Channe1  Value 

VCR  = 3.2  - 3.25  - .56  - .3675  - — -*  ■ — a.  -1.29  V 

FB  ,5.06  x 10'8 
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-.615 


P-Channel  Value 


-19  11 

VpR=  3.2  - 3.25  - .56  ♦ .3075  - -rX—  — — - .6?  V 

8 5.06  x 10'8 


The  SCEPTRE  MOS  model  parameter  is: 


VF  = VTB 


The  SP1CT2  model  calculates  the  value  of  flatbard 
voltage  automatical ly  using  the  equation  listed  previously  in  chapter 
IV.  E.  5.  b. 

The  NET-2  MOS  model  does  not  use  the  flatband  voltage 
as  an  explicit  parameter. 

5)  Threshold  Voltage 

N-Channel  Value 

VT(VGS)  -1.29  + .735  ♦ 1.62  yfTib  = .63  V 
P-Channel  Value 

-.62  - .615  - .52  Jpv615|  = -1.64  V 

Ine  SCEPTRE  MOS  model  does  not  use  the  threshold 
voltage  as  an  explicit  parameter.  However,  the  value  of  V^  is  calculated 
internally. 

the  SPICE2  MOS  model  will  calculate  the  value  of 
threshold  voltage  automatical ly  if  the  value  of  substrate  doping  is 
specified  in  the  parameter  list.  This  value  will  be  printed  out  as  VTO  1 
in  the  SPICE2  output.  The  analyst  should  not  specify  VTO  in  the  SPICE2 
parameter  list  if  he  wishes  to  use  the  second  order  model.  A specified 
value  of  VTO  will  be  overriden  by  the  calculated  value  if  both  VTO  and 
substrate  doping  (NSUB)  are  specified. 


The  NTT-2  MOS  model  parameter  is: 


N-Channe!  Value 


-p/2  (Vjj  = 


-4.08  x 10‘4  * .83 
2 


-1.69  x 


P-Channel  Value 

= -8.40  x 10'5  * * = 6.89  x TO 


Note  that  V^  is  considered  positive  for  both  N-channel  and  P-channel 
enhancement  transistors  in  NET-2. 

b . Two-Dimensional  £ ffecfs  n n Threshold  Voltage 

As  indicated  previously  in  chapter  IV.EiS.b,  the  bulk 
threshold  parameter  (OAMMA)  in  the  SPICE2  model  is  modified  by  a function 
of  substrate  bias.  The  calculation  of  the  value  of  this  function  is 
performed  automatical ly  if  th?  value  of  the  source  and  drain  diffusion 
depths  are  provided  in  the  parameter  list.  A sample  calculation  is 
performed  below  to  provide  an  indication  of  the  value  of  the  function. 


N-Channel  Value 


f(V0S)  [at  V0S=1O]  = 


2x10 


-4! 


5x10 


yj  1*2 


I 

V 


f 2xK05xl0^ ( . 735^10) 

1.6x10  x2xl0  D 


2x10 


= .86 


P-Phannel  Value 


f(vBS)  = 


2x10 


-4 


5x10 


05x10 


12 


"TT5 TT 

6x10  ^x2xl0  3 


10.615 


-1 1 


2x10 


= .64 
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The  SPICER  MOS  model  also  uses  the  parameter  XJ  (junction 
depth)  together  with  the  parameter  LP  (lateral  diffusion)  coefficient  to 
decrease  the  channel  length  by  the  amount  of  out  diffusion  from  the 
source  ard  drain.  The  effective  channel  length  then  becomes: 


Le  = L - 2*LD*XJ 


If  the  analyst  has  specified  L as  the  channel  length  from  the  mask  dimen- 
sions, he  will  wish  to  specify  a value  for  LD.  A typical  value  would  be: 

' LD  = . 8 

Specification  of  either  XJ  or  LD  as  zero  eliminates  the  calculation  of 
effective  channel  length  in  SPICE2. 

c.  Weak  Inversion  Effects 

As  indicated  previously  in  chapter  IV.E.5.C,  the  drain 
current  generator  provides  current  at  gate-tc -source  voltages  less  than 
the  classical  threshold  voltage.  This  current  is  described  by  an  expo- 


nential function  up  to  the  point  where  V,.c  = Vn„. 

uj  UN 


Vqn  is  a function  of 


the  classical  threshold  voltage,'  the  number  of  fast  surface  states,  and 
the  substrate  bias.  SPICE2  automatically  calculates  the  value  of  VQN  if 
substrate  doping  and  fast  surface  state  density  parameters  are  specified. 
Example  values  of  VUN  are  calculated  below.  These  may  be  compared  with 
the  values  of  classical  threshold  voltage  calculated  previously. 


N-Channel  Value 


v0Nht  f(vBS)  * 1 


= .83 


+ .026^1  + 


l.SxlO'^lxlO11 
5. 06xl0~8 


1.62 

2 V 735  i 


= .83  + .06  = .89 
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P-Channel  Value 


1.6x10",9*lxl0' 1 . ' .52  \ 

▼ x ; 


-1.64  - .026  1 


6. 06x10^  2y].b)bl' 


-1.64  - .04  = -1.68  ■ 


d.  Channel  Length  Modulation  Effects 

As  noted  previously  in  chapter  lV.E.5.d,  all  three  of  •.  ie 
models  discussed  here  contain  provisions  for  modeling  incomplete  satur- 
ation effects  resulting  from  channel  length  modulation.  The  parameters 
which  must  be  specified  for  each  model  are  indicated  below. 

1 ) SCEPTRE  Channel  Length  Modulation 

The  SCEPTRE  MOS  model  requires  specification  of  toe 
following  parameters  to  simulate  channel  shortening  effects: 


*1 


G = 


;rn^ 


E = E(,  = critical  E field  to  achieve  thermal  limiting  velocity 

N-Channel  Value  P-Channel  Value 


C = 

E = 


9-  ^ - 1.52X109 
2x1.06x10  u 

7.45  x 104 


2xl0’4 

■-(ST)- 


4.65  x 10'5 
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1.6x10 


19*2xl015 


2x1, 05x10 
1.81  x 105 


2x10 


^TT 


= 1.52xi08 


/ 2xl0~4 
\ 1x10“ 


= 4.65  x 10 


-5 


N- Channel  Value 


1.6x10“  9*2x!0  b*5xl0‘ •3*6\107M.65x,0" 


= 44.8 


P-Channe!  Value 


1.6x10“  -*.2x10  J*5xl0'3*3xl0' M.65X10' 


= 896 


2 ) SPICE2  Channel  Length  Modulation 

If  a zero  value  or  no  value  is  specified  for  the 
LAMBDA  parameter  in  SPICE2,  channel  length  modulation  effects  will  be 
automatical ly  calculated  from  the  equations  specified  in  chapter  IV.E.B.d. 
If  t^e  analyst  wishes  to  modify  the  saturation  characteri stic  he  may 
specify  a value  for  LAMBDA.  This  will  override  any  automatic  calculations. 
As  a general  rule,  the  analyst  should  not.  specify  LAMBDA.  Note  that  if 
channel  length  modulation  effects  are  to  be  excluded  from  the  model , a 
small  but  nonzero  value  of  LAMBDA  should  be  used  (LAMBDA  < .001). 

3 ) NET-2  Incomplete  Saturation 

The  NET-2  mdS, mode  I uses  a conductance  to  produce 
incomplete  saturation  effects.  The  parameters  for  that  conductance  are 
estimated  below. 

N-Channel  Value. 


V0  " VD$AT 


= 10  - (10  - .83)  = .83 


2 x 1.05  x 10 

nr 

1.6  x 10 ■ x 2 x 1013 


= 8.1  x 10"3 


- 2.57  x I0"5  J .83  = 2.34  x id'5 
= 4.03.x  10’4>  5 x 10~4  - 2 x 10"7 
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wm 


jmw&i 


K., 

c 


_ 2j0 

X 

10' ; * 

8.1  x 10~:’( . 83)" 

8(5 

X 

lb'4  - 

-~~T“  “ ‘ 

.234  x 1C*4 ) (.33) 

_ 2_0 

X 

IQ'7  * 

8. 1 x 10~b  * .83 

4(5 

X 

lb'4'- 

.234  x 1 0"4 ) ( . 8 3 ) ‘ 

1 

A 

, w |J\* 

7 ~r 

'.no  1 in  *' 

b.  74  x :0 


1.62  x 10 


V V0SAT 


b(5  x 10'4  - ..234  x It)"4)  ( S3 )1' 

P-Channel  Value 
-10  - [-10  (-1.64)]  - 1.64 

I t ..  1 nc  ..  1 n”  1 2 


VqT 

11 

^ 

04 

X 

^ = 8.11  x 

10  x 2 \ lO13 

41 

= 8. 11  x 

10'b  v 1 . 64  = 1.04.  x 10'4 

PL 

= 8.4  x 

10~b  x 5 x 10'4  = 4.2  x 10'8 

K1 

_ 4.20  x 

10’8  *8.11  x 10'5  * (1.64) 

8(5  x 

2 . 

10'4,  - 1.04  x 10."*)  ' J] . 64 

_ 4.20  x 

1C"8  * '3.11  x lG_b  * 1.64 

= 6.70  x 10* 3 mA/V 


6.95  x 1 O'6  mA/V2 


4(5  x 10*4  - 1.04  x 10"4)  J; 1 64 
4.2  X iO'8  * 8.  1.1  x 10'5 


8(5  x IO*4  - 1.04  x 10'4)  /l. 


2.12  x 10'3  mA/V3 


64 


e.  Variable  Mobility  Effects. 

As  noted  previously  in  chapter  IV.F.5.C,  each  of  the  three 
MOS  models  discussed  here  contain  provisions  for  modeling  variable  mjbil- 
ity  effects  on  the  drain  current.  Since  the  physics  of  variable  surface 
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mobility  is  rot  completely  understood,  each  of  the  models  can  be  most 
effectively  parameterized  from  experimental  data  on  the  transrenductance 
as  a function  of  gate  voltage.  An  example  of  such  data  for  N-channel  and’ 
P-channel  device  is  shown  in  figures  I V - 4 3 and  IV-49.  in  the  absence  of 
such  data,  the  variation  in  mobility  as  a function  surface  E-fie'd  can  be 
estimated  from  typical  parameter  values. 

1 ) SCEPTRE  Yariab le  Mobi 1 ity 

Examination  of  the  SCEPTRE  mouel  equation  for  variable 
mobility  indicates  that  the  low  voltage  transcon  Jitance  factor  (pQ)  is 
reduced  to  one-ha  if  its  original  value  when: 


OX 

2,E,r 


(vG  - vT)  = 1 


From  figures  IV-48  and  IV-49,  the  slooe  of  the  drain  current  versus  gate 
voltage  curve  is  reduced  to  one-half  of  its  low  voltage  value  at  = 

VrcN  = 3.73  volts  and  ,p  = 4.5  volts  for  the  N-channel  end  P-channel 

transistors,  respectively.  The  SCEPTRE  model  pa» ameter  is 


?».  E-Cl  Vrr  - VT 

s SI  GC  T 

and  can  be  calculated  as  follows: 


N-Channel  Value 


•?-Channel  Va’ue 


i he  value  of  E<^  Con  also  be  cjalculated  as: 


IV- 11 5 


Gate  Vo  r„,.ge  (Volts) 


fSC 


^-Ou'u.h  V.tlu,* 

> A’  (<.  ,)h  x !.'**) 
- ' l.t’b  X 1 1 r 1 


P~ChMHh-l  V .1 ! tll» 

4.  )t>  ^ jo'1  :’:1*  (6.16>  ln_i?)  . , 

•»  x V , -IV-  - 6.  7b  , 1()‘ 

• x i . ub  x I o 


— ;;zz:;;7T  c'“-f  <wro,iwte,i  * — - « 

• - 

d*,t-‘  th“  V',!l-  <’f  RH  ‘-.in  r,  r <'?XPerim'lnt“I 

' ' m ( l'  ,ls,  ^bown  tip  low. 


N-('hannp)  Va  lup 


P-Chaonpj:  '.a! up 


PB 


>•06  v !0 


-8 


, «W~L*  /.4t,x)04 


. 8.' 


-*>  (>6  x it) 

•r 


-8 


'*  ' l-br.xlo'  ].8!xf0; 

‘ } ~ — Ct  •’  .V'.,r'  ’blp  M.-bi  iitv  ModHing 

f’aramptpri/at  iun  0f  th,. 

rwtui! 

- tr...  'r  

,‘.lt  10  is  k„„w„ 

0 " ‘ "'“'''"-I  'n-  , 


14 


WV 


ox 


N* Channel  y.i )up 
s-.i 


60 


f • (>8_*  jo 


b-tfianool  V.i  | up 

4 


'l0  * x ia 


rvi  ' Mb  (t»  w/l 




»’»“  of  drain  Vo»..lir  v<.r.us*  v v f>°W,‘r  ’n  ^ «’*>.  Wu-i^u 

l*  V1  '**  ‘,rt«*n  ospiui  for  parampfprIA,‘-v1. 
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taking  the  logarithm  of  both  titles  of  the  equation  describing  drain  . 
current  vw  i t h variable  mobility  effects  yields  the  approximate  result: 


log 


loq 


/„  v1Vxp 

lh  v,  tm‘-A 

0 i)S\  L0X  / 


♦ (MI|Xp)  loq  (VGS  - V,) 


1 iqures  m.i  I V - b 1 show  plots  of  log  drain 

current  versus  loq  (V  -Vr)  lor  P and  N-channel  transistors,  respectively. 
Iwo  reqions  aie  shown,  for  low  qate  voltages  the  mobility  is  undegraded. 
At  higher  gate  vcltaqes,  mobility  degradation  sets  in  and  the  slope  of 
the  log  1^  versus  log  (V.,.  - Vf)  curve  is  reduced.  Ihe  boundary  between 
the  two  regions  is  set  by,  11^,  j,  while  the  siope  of  the  degraded  curve  is 
‘Pven  by  ( 1-U^p). 

Ihe  values  of  can  be  obtained  from  the  curves 

given  in  fiquies  IV- bO  and  I V - b » . 

i'lXp  1 ~ S 1 ope 

N-Channe 1 Value 


1XP 


P-C'iannel  Va  I ue 

1 - . 44  . !>6  . I - . 4l>  = . b I 

Ihe  reader  snou'd  recall  that,  the  SPICE”  model  does 
not  consider  variable  mobility  effects  until  V..c  - Vr  exceeds  the  critical 

U*>  I 

Ufp . • t 

voltaqe  def  ined  by  - ^ - . Appropriate  values  of  Urqjf  m,,>' 

OX' 

obtained  from  the  curves  shown  in  figures  IV- jO  and  IV-S1.  The  breakpoint 
in  the  curves  identifies  the  critical  value  of  (V^  - Vj).  from  this, 
^CR!T  be  c,,lc»^<xted  as: 


TR11 


uox 

(V  ‘ V1> 

*S  u 1 CRI T 
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bxlO 


^-Channel  Data  for  Paraneterizing  the  5PICE2  Variable 

Ki  1 i f I 


These  values  are: 


l) 


cRIT 


N-Channe  1 

AQi  x.  10  ..  (l.'7b  V)  = 8.43  x 104  V/cm 

1.05  x lO'1' 

P-Channe  I 


8 08  x 10 4 
— - _y,r  (T.  Ob)  ^ 9.88  x 10  V cm 

1 . u5  x 10  " 


The  remaining  SPICE2  variable  mobility  parameter,  , is  extremely 
difficult  to  parameterize.  Degradation  of  mobility  with  drain  volt  ay  is 
usually  important  only  in  devices  with  channel  lengths  shorter  than  8 ,im. 

In  these  cases,  the  functional  form  of  the  SPICE2  model  ic  probably  not 
appropriate.  The  analyst  is  adviced  to  set  UIRA  to  zero  for  most  analyses. 

3)  NET-2  Variable  Mobility 

The  NET-2  variable  mobility  model  is  entirely  empir- 
ical. The  parameter  A5  can  be  determined  from  the  gate  voltage  (V^) 
where  the  initial  value  of  the  transcondurtance  parameter  ft?o;  is  decreased 
by  one-half. 


N-Channe 1 Value 


P-Channe 1 Value 


1 8.42  x 10 

T7I 


-5 


8 


= -2.82  x 10 


I 1.48  x 10 
8 4.9 


-4.11  x 


f.  Temperature  Effects 

In  SPICE2,  temperatuie  dependent  parameters  ir.  the  equation 
for  the  voltage  V()N  are  autematical’y  updated  if  the  analyst  specifies  a 
temperature  other  than  the  default  value  of  27°C.  Similar  temperature 
effects  modeling  could  be  accomplished  by  manually  updating  appropriate 


parameters  in  the  SCEPTRE  model.  A samplp  calculation  is  shown  below  for 
calculating  the  threshold  voltage  of  the  N-channe)  and  P-channei  devices 
at  a temperature  of  125°C. 


N-Channe I Value. 


As  (at  125°C ) = 2 * .0345  in 


2 x I016 

Trt  6 372" 


3.86  x TO  b*  m5U  exp  j 


“err 


2 * 8. 61  x 10  398 


.=  .463 


Vf8  (at.  125°C)  = 3.2  - 3.25  - .56  - .2315  - .315  = -l.’G 

VVBS  = 0 at  ,25°C)  = 'K16  + •'163  * 1-62  J. 463  ■ 

= .41  V 


P-Channel  Value 


2#  (at  125°C)  = 2 x .0345  en 


3.86  x 10,6x  3983/?expf ~£ \ 

\ 2 x 8.61  x 10  3 *398  / 

; ~ 

2 x 1013 


= -.384 

VfB  (at  125°C)  = 3.2  - 3.25  - .56  + .152  - .315  = -.77 
VT  (VB$=0  at  ’25°C)  = -.  77  - . 304  - . 52  /|  -. 304  j • 

= -1.36  V 


8.  Code  Implementation  and  Notes 

Table  IV-9  provides  values  for  parameterizing  the  second  order 
effects  ,,inc  lusive  models  described  previously  in  this  subsection.  The 
values  included  in  the  table  were  taken  from  those  calculated  in  the 
parameterization  subsection. 

In  order  to  use  the  SCEPTRE  model,  the  subroutine  FM0S  must  be 
included  in  the  SCEPTRE  deck.  An  anotated  listing  of  FM0S  is  shown  in 
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SCEPTRE,  CIRu>S  2,  TRAC,  -NET-2,  AND  SPICE  2 MODEL  PARAMETERS 
REQUIRED  FOR  SECOND  ORDER  EFFECTS  MODEL* 


SCEPTRE,  CIRCUS  2,  TP^C,  NET-2,  AND  SPICE  2 MODEL  PARAMETERS 
REQUIRED  FOR  SECOND  ORDER  EFFECTS  MODEL*  (Continued) 


figure  IV- 52 . The  reader  is  referred  to  the  next  section  for  a series  of 
example  calculations  demonstrating  second  order  effects. 

9.  Computer  Examples 

Figures  IV- 53  through  IV- 55  give  listing-.  ,.f  "curve  tracer" 
programs  implemented  for  the  SCEPTRE , NET-?,  and  SPICE2  MOS  models.  The 
model  parameters  were  taken  from  table  IV-9  unless  specific  changes  are 
indicated  in  the  examples  to  follow.  These  examples  have  been  chosen  to. 
illustrate  the  influence  of  the  various  second  order  effects  on  current/ 
voltage  characteristics  of  MOS  devices.  They  should  provide  some  guid- 
ance to  the  analyst  in  attempting  to  determine  if  he  should  consider 
these  effects  in  his  problem. 

a . Substrate  Bias  Effects 

Figures  IV-56  and  IV- 5 7 show  the  effects  of  substrate  bias 
on  the  drain  characteristics  of  N-channel  and  P-channel  transistors  as 
modeled  in  SCEPTRE. 

b . Two  Oimensional  Effects  on  Threshold  Voltage 

Figures  IV-58  and  IV-59  show  the  effects  of  two  dimensional 
modifications  to  the  threshold  voltage  of  N-channel  and  P-channel  tran- 
sistors as  modeled  in  SPICE2. 

c.  Weak  Inversio!)  Effects 

Figures  IV-60  and  IV-61  demonstrate  weak  inversion  effects 
oh  the  turn-on  characteristics  of  N-channel  and  P-char.nel  transistors  as 
modeled  in  SPICE2. 

d.  Channel  Length  Modulation  Effects 

Figures  IV-62  and  IV-63  demonstrate  incomplete  saturation 
resulting  from  channel  length  modulation  in  N-channel  and  P-channel 
transistors  as  modeled  in  NET-2. 

e.  Variable  Mobility  Effects 

Figures  IV-64  and  IV-65  demonstrate  tl\-  effects  of  mobility 
variation  with  gate  voltage  op  the  drain  characteristics  of  ^channel  and 
P-channel  devices  as  modeled  in  SCEPTRE. 
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END 
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Figure  IV-53 


SCEPTRE  Curve  Tracer  Program  for  Exercising  Second 
Order  Effects  Model  (Continued). 
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Figure  IV- 53. 


SCEPTRE  Curve  Tracer  Program  for  Exorcising  Second 
Order  Efforts  Model  (Continued) 
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igure  IV-53,  SCEPTRE  Curve  Tracer  Program  for  Exercising  Second 
Order  Effects  Model  (Concluded) 
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Figure  IV-54.  SPICE2  Curve  Tracer  Program  tor  Exercising  Second  Grde 
Effects  Model 
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(b)  PMOS 

Figure  IV-54.  SPICE2  Curve  Tracer  Program  for  Exercising  Second  Order 
Effect  Model  (Concluded) 
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Figure  IV-55.  NET-2  Curve  Tracer  Program  for  Exercising  Second  Order  Effects  Model 
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Figure  IV -57 . * SCEPTRE  P-Cliannel  Model  Demonstrating  Substrate  Bias  Effects 
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Figure  IV-59.  SPICE2  P.-Channel  Model  Demonstrating  Two  Dimensional 
J Effects  on  Threshold  Voltage 
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Figure  IV-60.  SPICE2  N-Channel  Model  Demonstrating  Weak  Inversion  Effects 


Figure  IV-fl.  St  rC£2  e-Channel  Model  Demonstrating  Weak  Invert  jJ>  EifecU 
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(b)  Ideal  Saturation 

Figure  IV-6?.-  NET-2  P-Channel  Model  Demonstrating  Incomplete  Saturation  Effects (Concluded) 


Figure  17-64.  SCEPTPE  .’J-Channel  ‘iodel  Oenonstrating  Variable  nobility  Effects 
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(b)  Variable  Mobility  -Fffects  Excluded 

Figure  IV-64.  SCEPTRE  11-Channel  Model  Demonstrating  Variable  flobility  Effects  (Concluded) 
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*■  »)  variable  Mobility  Effects  Excluded 

Figure  IV-65.  SCEPTRE  P-Char.nel  Model  Demonstrat .ng  Variable  Mobility  Effects  (Concluded) 


f.  Temperature  Effects 

Figures  IV-66  and  IV-67  show  the  variations  in  turn  on 
characteristics  of  N-channel  and  P-channel  devices  with  temperature  as 
modeled  in  SPICE2. 
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CHAPTER  V 

MSCEUANtOUS  DEVICES 


A.  JFET  ING 

1.  ? ntroduct  <on 

The  Jf  IT  (junction  field  effect  transistor)  differs  from  the 
bipolar  transistor  in  that  the  depletion  region  of  a reverse  biased  P-N 
junction  is  used  to  modulate  the  conduction  area  available  to  majority 
carriers.  Ibis  is  illustrated  in  figure  V*l. 


figure  V- 1 . JEFT  Geometry 

When  the  depletion  regions  have  not  pinched  off  the  channel,, 
the  channel  benaves  as  resistor,  and  the  device  is  in  the  linear  rrqion 
If  the  gate  voltage  is  increased  to  the  point  where  thp  depletion  regions 
pinch  off  the  channel,  a saturated  curre.it  will  continue  to  flow  in  a 
manner  analogous  to  the  injection  current  across  the  reverse  biased 
base-collector  junction.  Increasing  drain  voltage  in  the  saturation 
region  will  merely  widen  the  depletion  regions  in  a manner  so  that  no  net 
increase  in  drain  current  will  occur. 


2 . Bask  Jf tf  Hotel 

a.  Description 

The  basic  Jill  m<  de  1 i-  a direct  implementation  of  the 
basic  equations  which  describe  Ji H operation  over  various  modes  of 
operation. 

b . Advant ayes 

!he  parameter i cat  ion  of  the  basic  Jill  model  requires  only 
a "curve  tracer"  photograph.  The  model  can  be  used  for  most  practical 
applications. 

c.  Cautions 

The  basic  Jf  t T model  does  not  include  any  second  order 
effects  beyond  channel  shortening  effects.  Discontinuities  in  the  deriva- 
tive of  the  characteristic  ex'rt  at  the  transition  between  operating 
regions.  High  frequency  character  ist its  are  not  included. 

d.  Character  ;<.t  n s 

The  topology  of  the  basic  JFH  model  is  given  in  figure  V-2. 
The  characteristic  produced  by  the  basic  JF 1 1 model  is  shown  in  figure  V- 3. 


P-CilANNI  l N-CHANNl  \ 


1 iqure  V*2.  JM  1 Topology 
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( Inverted  Region) 

If  VGP  = VGS  °r  ^VGf)  < VT  and  VGS  ‘ VT*’  then  *rS  ~ ° ‘ 
(Cutoff  Region) 

If  VCD  > ^8  or  VGS  ' ’ then  *DS  =.°’ 


(Forward  Biased  Forbidden  Region) 


VT  ^8  - VP 


For  al I t eg  ions: 


Parameter  List 


drain-to-source  current  generator 

the  pinchoff  voltage 

the  junction  contact  potential 

the  qate-to-source  voltage 

the  gate-to-drain  voltage, 

the  resistance  which  models  the  variation  in 

drain  current  with  drain-to-source  voltage  in 

the  pinchoff  reqion  with  V~c  ? 0 

llJ 

the  drain-to-source  current  tor  Vrc  ~ (!)  and 

' i i >’-* ' 

drain-to-source  voltage  =-lvJ 

the  current  chosen  to  reduce  the  V^VR™  ratio  to 

Da  D 

a small  leakage  current  when  =0 
the  channel  conductance 


\/ 


Parameter! zation 


>>  V GC’  *B 


a ) De r i n i t i on 

Vp  is  the  device  pinchoff  voltage.  It  is  the 
gate  voltage  required  to  pinch  off  the  device  channel.  G ^ is  the  conduc- 
tance of  the  device  channel.  <J>g  is  the  built-in  voltage  of  the  P-N  . 
junction 

b)  Typical  Values 

A typical  value  rtf  Vn  is  2 V A typical  value 
-3  1 

of  is  1 v.  10  A/volt.  has  a typical . value  of  about  0.6  V. 

c)  Measurement 

Ihe  parameters  V , G^,  and  may  be  obtained 
from  the  saturation  region  of  the  device  characteristic.  This  region  is 
illustrated  in  figure  V-3.  Vp,  G^,  and  are  found  using  the  following 
process: 

(1)  Assume  a value  for  <pg. 

(2)  Guess  VD<-SAi.  for  the  vG<.  = 0 trace.  . 

(3)  Calculate  Vp  as: 


VP  = |°B 


'DSSAT 


(4)  Calculate  G^.  as: 


C,„  = 


*DS 


C ,Vp!-  _.A  | + | >3/2 

■J-  N 

(b)  Substitute  values  of  frmr  the  curve  trace  in: 


*DS  _ GC 


V I ♦ W - L I ♦ ' 

uS  3 r B I 


3V|V 


VGS  * % 


3/2 


V-5 


<6>  C°mP‘"'*  ^ «'•»*  fro,  step  (6) 

•friin  current  in  the  safer  . • measured  values  of 

Cf)e  sat“rat ion  region  at: 


<7)  " thS  COmparis,>"  unsatisfactory  guess  „ .. 

VDSSAT  and  repeat  the  process.  ’ Va,ue  for 

d)  ^?£il.l2N5462 

- — t,acer  V « ♦,  can  be  obtained 

procedure  outlined  in  the  para»et»ril  ^ "* 

a Programmable  calculator.  " SKl'M  ws  '“P'eaiented  using 

■j  r ■: : r - - «« ... 

ation  Point,  the  resuits  shown  i„  trtle  £.  V ““  Chosa"  as  the  satu- 

;,S’0"  was  "ada  «*«  a reasonable  fit  evisted  h the 

calculated  drain  current,  the  values  » a„d  C ““  "',,Ur,,d  a"d 

vp  ana  were: 

Vp  = K volts 

GC  = »-53  x lo*3  siemens 


table  v-i. 


parameter  determination 


5.90  mA 

4.87 

3.98 

3.21 

2.55 

T.  97 

1.48 

1.07 

0.  733 


^DS  Actual) 

5. 9 bia  • 
' 4.9 

4.1 

3.2 
2 4 
1.7 
1.1 


2) 


Rq.  IT.  K 


a)  Def  ini  tion 

Rq,  Ip  and  K are  parameters  that  describe  Rq. 

R~  is  a variable  resistance  that  models  tne  variation  of  I_.  with  Vnc  in 
D Di  DS 

the  saturation  region. 

b)  Typical  Values 

Typical  values  for  Rq,  Ip  and  K are  30  kilohir.s, 
5 mA,  and  0.1  pA,  respectively. 

c ) Measurement 

Rq  may  be  de‘ 'rmined  from  two  points  on  the 
drain-to-soorce  characteri Stic  for  Vq<-  = 0.  The  first  point  occurs  at 

^DSSAT  anc*  *DSSAT  ^or  ^GS  = ^he  secon(*  P01nt  1S  chosen  or*  the  Vq<.  = 0 
curve  to  yield  the  best  simulation  of  the  change  in  drain  current  with 
drain  to  source  voltage  in  the  saturation  region.  Rq  "is  then  calculated 
from: 


A V 


R0  ' A I 


OS 


ns 


at  VGS  = 0 


!r  ,S  !DSSAT  at  VGS  ~ 0 


K is  assigned  an  arbitrary  value  for  most  applica 
tions,  generally  less  than  1 pA. 

d)  Example  2N5462 

Tlie  first  point  chosen  is  at  the  breakpoint 
between  the  saturation  and  triode  region.  This  point  was  found  in  the 
previous  sectio  i to  be: 

■ vns  = 13  v 
= 5 9 mA 


v-a 


The  ne>  t poii't  was  thosci  to  be: 


V 

I 


DS 

OS 


13  V 
6 mA 


j 8_v  - n v 
5 mA  - 5 . 9 mA 


=5  x 10  ohms 


1^  is  fixed  as  5.9  mA  and  K was  chosen  as  0.1  microampere. 

3.  Addition  of  Parasitic  Capacitance 

a.  Description 

If  a JFET  model  is  to  be  included  in  a circuit  where  high 
frequencies  are.  present,  parasitic  capacitances  should  be  included  as 
part  of  the  model. 

b.  Advantages 

Tne  inclusion  of  the  junction  capacitors  produces  a more 
realistic  and  useful  model  of  the  JFET. 

c.  Cautions 

Three  terminal  capacitance  measurements  are  required  for 
determination  of  the  capacitance  parameters.  The  capacitance  bridge  must 
have  the  ability  to  apply  a dc  bias. 

d.  Characteristics 

Inclusion  of  th°  capacitors  in  the  JFET  model  will  produce 
the  topology  of  figure  V-5. 


D 


Figure  V-5.  JFET  Parasitic  Capacitance 


V-9 


and  Cj-jS  are  depletion  region  capacitors,  and  have  the 
voltage  dependent  characteristics  of  depletion  region  capacitance, 
e.  Defining  Equations 


f.  Parameterization  (Cg,  Cg,  nG,  nQ) 

1 ) Definition 

CG’  CD’  nG’  and  nD  are  Parameters  w^ich  describe  the 
two  junction  cap’citors  CG<-  and  CGQ.  n^  and  nG  are  related  to  the  doping 
distribution  at  the  junction.  and  CG  are  constants  of  the  capacitance 
equations. 

2)  Typical  Values 

Typical  values  of.Cg  and  Cq  are  5 pF  and  1 pF,  respec- 
tively. r>G  and  n^  general ’y  lie  between  0.5  and  0.333. 

3)  Measurement 

The  values  for  tuese  parameters  are  obtained  from 

measurements  of  C.  as  a function  of  gate-to-source  voltage  and  C as 
• 55  rs  s 

a function  of  gate- to-drain  voltage.  Example  test  fixtures  are  given  in 
figure  V- 6. 


Figure  V"6-  Capacitance  Measurement 


For  the  C^ss  measurement,  the  drain-to-^ource  voltage 


is  kep*  constant  and  C . . is  then  measured  for  a range  of  gate-to-source 

i 1 S j 

voltages. 

gate-tu-sourde  voltage  are  varied.  The  following  expressions  may  now  be 


applied: 


= C,_.  - C 


G$  iss  rss 


= C. 


GO  ''rss 


V-ll 


M 


From  two  points  on  the  curve  of  C , . versus  voltage*  the  value  for  nr  is: 

v.J  U 


(CfiS1)  - Jin  (CGS2) 


G Jin  (4>e  -~V2)  " en  " Vi^ 


CG  is  then  calculated  from  one  C~V  point  as: 


T>  GS  \ 


Cr.  = Cr,s  " V) 


nD  is  determined  in  a similar  manner  as: 


in  (CGQ1)  - in  (CGD2) 


nD  Jin  (i|>3  - V2)  - ^n  (4>b  - V,7 


Cn  is  calculated  from  one  C-V  point  as: 


C0  --  c 


CD  S ' V ) 


g.  Example  - 2N5462 

Reduced  and  raw  capacitance  date*  are  snown  in  tables  V-2 
?nd  V-3.  The  voltage  behavior  of  CGS  and  CGq  is  illustrated  in  figures 
V-7  and  V-8,  respectively. 

nG  can  now  be  calculated  from  two  arbitrarily  chosen 
points  as  shown  in  tables  V-°  and  V-3. 


_ _ en  (3.55  pF)  - en  (2.38  pF)  • 

"G  in  [)  V - (-10  V)]  - ij)  [1  V - (-0  V)} 


nQ  = 0. 167 


CG  can  be  calculated  at  the  (-0.5  V,  3.08  pF)  point  as: 

,0.167. 


CQ  = 3.08  pF  [1  V - (-0.5  V)]1 
CQ  = 3.31  pF 


V-l  2 


\ 


rip  can  oe  found  in  the  same  manner  as  .i~ 


fn  (3.2?  pF)  - in  ( ! . 92  pF ) 

f v TTvTI 


nn  = 0.266 


C~,  can  now  be  calculated  at  the  (*10  V,  2.2  pF)  point  as: 
CQ  = 2,2  pF  [1  V - (-10  V)J0  ^. 

CQ  =■  4. 1C  pF 


4.  data  Sheet  JFFT  Model  Development 

Parameters  for  the  JFCT  model  < an  be  determined  from  tfv  s.imr 
facturer  specification  sheets. 

a.  Vp 

The  pinchoff  voltage  is  often  listed  as  (cutoff), 
qate-to-source  cutoff  voltage.  The  data  sheets  shown  in  figure  V-9  list 
Vp  between  T.O  V and  S V.  The  unrealistically  large  value 

of  derived  Vp,  1 '•  V,  is  explained  by  the  failure  of  this  simple  model  to 
accuiately  teflect  sucn  second  order  e.fects  as  variable  mobility,  inhomo 
geneous  doping,  and  vaiying  charge  distribution.  The  net  effect  is  that 
while  the  saturation  region  is  adequately  modeled,  significant  errors 
exist  in  the  modeling  of  the  linear  region. 

b. 

Uj.,  the  channel  conductance  parameter,  is  often  found  in 
data  sheets  as  Y^,  the  forward  trar.sadmi ttance.  For  the  2N6462.  Yp^  is 
listed  between  2000  and  6000  pS.  The  derived  value  was  1630  pS. 

C, 


c. 


hGO 

Ca.jj.  the  gate- tb-dra in  capacitance,  is  often  found  as 


C , the  reverse  transfer  capacitance, 
rss 

as  a function  of  V^,.  in  figure  V-9. 


Po**  the  2N6462,  Crss  is  plotted 


V- 16 


2ni54(>0  i;iucon) 


<5465 


I a iumn'!  iloplctiim  nunlo  >I\jv  \l  •tUKtion  lu'M 
ollVvt  t or  iitf  ns  jciHTji-purpow  jiii 

I'lif  iiT  ipi'luMlion . 


CA$f  W 

:o«> 


MAVMl'M  H \ T INC.S 


7N5440  ?NS(*3 
>V»6I  ;*s«m 
ST»«ol  ?t»\ 44?  AV*$S  Ufwt 


r '•  f. 


> V»  f * '4  • r •*  •lift'  «Wir 


nfCMWK'At  (‘MAHAt'tf  RISTICS 
(fc«  *»«*•**< 

>i  AfsTtfS 


r yp  Mjl  Unit 


;>•»  < M«4A<  Tt  ftiMtrv 


■ %»A<  I Mf.tAt  (MMK  tftistk  \ 


Figure  V-9,  F’NS'U>0  - cNj66f»  Manufacturer  Specification  Sheets  (ref.  V-l) 
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Figure  V-9.  ?NS460  - 2NS665  Manufacturer  Specification  Sheets  (Concluded) 


d. 


GS 

C^s,  the  gate- to- source  capacitance,  is  found  from: 


Crc  = c.  - c 

GS  iss  rss 


The  data  sheets  shown  in  figure  7-9  list  C-  and  C as  a function  of 

3 iss  rss 

e.  Rq 


VDS‘ 


Rq,  the  resistor  which  models  the  slope  of  the  characteris- 
tic in  saturation,  can  be  found  a 


R„  = 


0 | Y 


OS 


where  Yg<-  is  the  output  admittance.  For  the  2N5462,  Rq  is  determined 


from  Yg<-  (75  pS  max.)  to  be  13.3  kilohm. 
f‘  ^SSAT'  VDSSAT 

An  estimate  of  the  = u saturation  drain  current  and 
voltage  is  available  from  the  I^  parameter.  For  the  2N5462,  Ip<^  is 
listed  between  4 and  16  mA'at  a d*-ain  voltage  of  15  V. 

5.  Radiation  Effects 
a • Photocurrents 

In  the  absence  of  complete  information  on  geometry  and 
doping,  photocurrnnts  produced  in  th®  JFET  may  be  estimated  fay  the  tech- 
niques discussed  for  diodes  in  chapter  II. 8.8.  The  depletion  regions 


which  form  Cqq  and  Cr<-  will  also  produce  two  photocurrents,  I 


GS 


PCD 


and 


Ipcs*  shown  in  figure  V-10. 


n 


n 


‘POP 

< 

cr,n  - 

1 (IS  = 

1 PC.G 

( 
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P-CHANNEL 


Figure  V-10.  Photocurrent  Generators 

The  accuracy  of  photoccrrent  predictions  from  terminal 
measurements  for  the  JFET  is  questionable  since  the'  one  dimensional 
approximation  no  longer  holds.  The  experimental  determination  of  photo- 
current generators  is  the  usual  method. 

The  transient  drain  photocurrent  has  been  found  to  be 
fairly  independent  of  drain-to-source  voltage.  If  the  device  is  operated 
in  the  linear  region,  transient  drain  photocurrent  is  also  relatively 
independent  of  gate-to-source  voltage, 
b.  Neutron  Damage 

Displacement  damage  as  caused  by  neutron  irradiation 
alters  several  JPET  parameters.  The  characteristics  of  the  JFET  are 
sensitive  to  any  changes  in  the  conductivity  properties  of  the  channel. 
Neutron  damage  will  alter  the  conductivity  of  the  channel  through  carriei 
removal,  mobility  changes,  etc.  Parameters  which  are  altered  include  the 
pinchoff  voltage,  pinchoff  current,  and  transconductance*  all  of  which 
uecrease. 

JFET ' s appear  to  be  slightly  harder  to  neutron  damage  than 
bipolar  transistors,  because  JFET' s are  affected  mainly  by  bulk  resis- 
tivity chang-  ;,  and  bipolar  transistors  are  affected  by  bulk  resistivity 
changes  and  the  increase  in  recombination  center  density. 


6. 


Computer  Example 

The  2N5462  junction  field  effect  transistor  was  modeled  and 
simulated  using  the  SCEPTRE  network  analysis  code.  A FORTRAN  subroutine 
defined  Iq<.  (ref.  V-1).  A cur  e tracer  output  was  obtained  using  the 
RERUN  feature  of  SCEPTRE.  The  output  data  Were  then  graphed  to  obtain  a 
more  easily  interpreted  display.  The  SCEPTRE  circuit  used  to  test  the 
JEET  is  illustrated  in  figure  V-ll.  The  SCEPTRE  input  data  for  the  JFET 
characteristic  are  given  in  figure  V-12.  The  model  characteristic,  figure 
V-^,  may  be  compared  to  the  photograph  snown  in  figure  V-4. 


Figure  V-ll.  JFET  Test  Circuit 

The  agreement  between  the  characteristic  of  figure  V-13  and  the 
characteristic  of  figure  V-4  is  good  in  the  saturation  region.  In  the 
linear  region,  however,  the  model  does  not  agree  as  well  because  it  fails 
to  cake  into  account  the  effects-of  graded  doping  and  varying  charge 
distribution.  More  complex  models  may  handlethese  effects.  Ihe  simula- 
tion shown  in  figure  V-13  is  based  on  parameters  derived  from  measurements 
taken  in  the  saturation  region;  hence,  good  agreement  is  expected  in 
saturation.  When  dealing  with  large  signal  characteristics,  the  satur- 
ation region  dominates,  so  it  is  important  to  model  it  well. 
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SCfc.PT  D f NtlRJRK  SIMULATION  PROGRAM 
AH  FORCE  AtAPONS  .A  30H  A TORY  - K AF  3 NM 
VERSION  CCC  4.5. E 5/7G 

l?/I*/77  14. *8. IS. 


'OR  A LISTING  OF  us£R  FUTURES  UN  I Out  TO  T-tlS  VERSION  OF  SCfcr>’»  i 
SUPPLY  A CAPO  CONTAINING  The  «ORO  "DOCUMENT'*  AS  The  FIRST  CARD 
OF  ThF  INPUT  TEXT 


computer  time  entering  setup  phasf- 

CPA  . .8?  SEC. 

p->  a.  joo  sec. 

ID  3.700  5-1C. 


SUBPROGRAM 

FUNCTION  FJFET  T VGS. VGJ» VR.GC.PHI ) 

; jfft  suhrojtin-;. 

; step  junction  at  gate'  to  channel  interface 

C CHANNEL  CURRENT  is  SET  TO  ZE->0  U’On  cOR«AfO  3IAS  OF  I HE  3ATE  TO 

C SOURCE  OR  GATE  TO  JR A I N JUNCTIONS  GREATER  Than  ThF  BUILT  IN 

C POTENTIAL  --PHI. 

vT=f>hi-vp 

x*5<>./ (3.«,URT  ( VP)  ) 

C CHECK  FOR  -URRAiD  BIAS  GREATER  THAN  JHI. 

IF  ( VOP.GT.P-iI  .OR.  V3S.GT.ohI  > GO  TO  lo 
C CHF.CA  FOR  CUTO-F 

IF  (VG0.E0.V3S.UR. ( VGO.LT.vT. AN0.V3i.LT.VT) ) GO  TO  10 

c check  for  channel  -mnchoff. 

IF  < VGO.GT  . V T . ANJ.  V jS.GT  . v I > GO  TO  ei  0 

: lhanv;  l is  pin:heu-jff 

C DTTE-^INE  If  Th€  J-lT  is  in  The  normal  ur  inverted  node 

IF  (VoS.LT.vT)  go  to  JO 
: JfET  IS  IN  ThF  NOR TAL  MOOF . . 

F JFF  TsGO*’ WG_»V-V3.— JMl*A*<M-VPS»PHl)*->l.M 
RE  TURN 

C GATE  TO  SOJHCE  OR  jATE  TO  DRAIN  JUNCTION  I OraARD  BIASED  OR  CjTOFF, 

10  FjFt  T *0 
RETURN 

C CHANNFL  IS  NOT  j l NCrED-QFf 

?0  r JFFTSGC*  ( VGi-V3ll»  AK*  ( (-VGS*pmI  I *«  1 . a-  » -vu  0*  p«I  ) •*  I . a)  ) 

WF  TURN 

C jFET  is  IN  TiE  INVERTED  MOuE. 

30  FjFETs-GC*(V30*VP/i.-PHl*xK*<-VGO*JHl)»®I,3) 

RETURN 

ENO 


Figure  V-12.  JFET  Characteristic  Input  Data 
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MODEL  OE SCRIPT  1 ON 
MODEL  2N546?  (G-S-3) 

ELEMENTS  . 

CG5*S-G=Ql (3.31E-12* 1 • «VC3S».167) 
CGO*D-G=Ui (4.16E-12* 1 . »VCGD. .2 2b) 
jO»S-OsFjF£T  (VCGS* YC30*  14..  1.53E-3*  1 .0) 
R0*S-D=Q2(5.E4»5.9E-3«JD*.lE-6) 
rUNCT IONS 

31(A*B*C»0)s(A/(3-C)**0> 

9?(A*P«C*D)*(U*3>/00>> 

CIRCUIT  DESCRIPTION 
ELEMENTS 

T 1 * G-S*  D=MOD£L  2N5<mS> 

EDS.5-S=TAflLE  i(TlME) 

1 

CS*D~Ss 1 .E-l  2 
EGS*S-X=0. 

• R6S*X-G*i. 

CGS«G-S=1.E-12 
•UNCTIONS 
- TAdLE  -1 
0«0. 11. E-3. 20 
DUTPUTS 
IEDS*EDS.EGS 
RUN  CONTROLS 

MAXIMUM  print  points=ioo 
-STOP  TlME  = U.E-3 
MINIMUM  STEP  SIZE=  1 . £m39 
RERUN  DESCRIPTION  (13) 

elements 

£GS»1*<2*3»4*5*6*7»3»R*I0 

ENO 


SYSTEM  NOM  ENTERIN3  SIMULATION 


COMPUTER  TIME  AT 
CPA 
• PP 
10 


TERMINATION  OF  SETUP  ^HASE- 
2. 793  SEC. 

0.300  SEC. 

0.300  SEC. 


Figure  V-12.  JFET  Characteristic  Input  Data  (Concluded) 
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Figure  V — 1 3 - JFET  Model  Characteristics 


B.  UJT  MODELING 


1 . Introduction 

The  UJT  (unijunction  transistor)  is  a bipolar  transistor, 
having  one  emitter  junction  and  two  base  contacts.  The  behavior  of  the 
UJT  is  dependent  on  modulation  of  th.'  conductivity  between  the  emitter 
and  base  one  con^ct.  The  UJT  topology  is  shown  in  figure  *“14. 


Figure  V-14.  UuT  Topology 


B2 


B1 


The  introduction  of  Vgg  produces  an  intermediate  voltage  between 
RB2  and  RBI  (which  forms  a voltage  divider).  When  reaches  a voltage 
sufficient  to  forward  bias  the  P-N  junction  (which  is  q Vgg  where1  n is 
the  intrinsic  standoff  ratio),  holes  will  be  injected  into  the  high 
resistivity  N region.  The  result  of,  these  extra  carriers  will  be  a 
reduction  of  the  resistance  value  of  RBI  which  lowers  the  voltage  between 
RBI  and  RB2.  The  P-N  junction  becomes  regeneratively  forward  biased,  and 
switching  occurs. 

Two  approaches  to  modeling  the  UJT  are  available,  the  equiv- 
alent circuit  and  the  hybrid  circuit  analytical  description.  The  hybrid 
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approach  yields  the  superior  model , but  the  analysis  code  must  have  a 
mathematical  function  capability.  The  equivalent  circuit  is  shown  in 
figure  V-15.  The  two  transistors  form  a regenerative  switching  pair. 
The  hybrid  model  is  discussed  in  detail  in  the  following  sections. 


B2 

RB2 


Bl 


Figure  V15.  UJT  Equivalent  Circuit 

2.  General  Purpose  UJT  Model 

a.  Description 

The  UJT  model  presented  is  a practical,  functional,  all- 
purpose model  of  the  unijunction  transistor. 

b.  Advantages 

The  general  purpose  UJT  model  is , sophisticated  enough  for 
almost  ar.y  need,  yet  simple  enough  to  allow  easy  parameterization  and 
implementation. 

c.  Cautions 

Implementation  requires  a computer  code  with  a mathe- 
matical function  capability. 
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F’gure  V- lb.  UJT  Model 


The  switching  character .sties  for  the  UJT  are  illustrated 
in  figure  V-17.  .. 


\r 


REGION  p 


Figure  V-17.  UJT  Characteristics 


V-23 


Def im-n  'auations 
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0vr , 

ee  = *s  (e 
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85  V 


31 

/ 

r;E/iE1) 

— : d 

s3,  = ‘ i- 
32  i 

nVK  * a(V'e8  ' VK* 

JKbvK  * fc'VBB  “ V 

f 

- 

k_  __ 

C1  = K0  < 

?ai aneter 

List 

■ 

'V.\ 


the  intrinsic  standoff  ratio  measured  at  V 


8B 


g ” the  voltage  Between  base  two  and  base  one  (B^ 


and  Gj ) 


u,€  ’ “5t  va,u'  °f  VBB  « W.IO.  HBBVK  and  nVK 


31 


s? 


specified 
the  base  one  resistance 
the  base  two  resistance 


JVK 

C, 


RBB’  the  inttrhase  resistance  meas  ired  at 

BB 


M 


'X 


the  sum  of  the  emitter  base  one  diode  diffusion 
capacitance  and  C^,  a capacitor  to  keep  from 
y - :n^  to  it.'o 

a constant  relating  current  generator  ID  tc  Ir 

3 c 

a current  source  representing  the  emitter  base 
one  diode 

a current  source  representing  the  modulation  of 
the  br.se  two  region  hy  the  emitter  current 
a constant  determined  from  measurements 
a s<v. 1 1 arbitrary  va'u®  cf  capacitance 


!<-  = the  -node  saturation  current 

a = an  empirical  constant 

b = an  empirical  constant 

6 = the  constant  of- the  emitter  base  one  diode 

equation 

Kg  = the  diffusion  capacitance  constant 

g.  Parameterization 

1)  e 

a ) Oef ini  than 

B is  the  constant  Of  t e er'tter  ba*e  or.e 

b)  Typical  Value  - 

ft  is  ideally  38.61  at  ro  .)  temperature.  re, i:,es 

in  the  ideal  0 of  over  a factor  of  two  are  common. 

c)  Measurement 

Two  I- V points  on  the  emitter  bare  one  :e 
ciiaracter  i st  ic  are  required  for  toe' determination  of  0.  A,  test  setup  for 
the  measurement  is  shown  in  figure  V- 16. 


Figure  V-18.  UJT  Diode  Test  Circuit 


t'  ran  i-t'  li'tcrmimJ  from  (V.,  I.),  (V,,  I„T  as: 

I I w 


The  current s used  to  perform  the  measurement  should  be  kept  under  ) pA 
•hue  to  the  :tnjh  value  of  bulk  resistance. 

A)  Sample  - 2N4394 

, Two  points  measured  on  the  emitter-base  one 

characteristic  were: 


(0, ;jA,  U 34b  V) 
( 1 pA , 3. 3 AC  V) 


I".  ,3A0  v - it  ITS  vT 


26.3 


a ) Def i nit  ion 

1^  i;  the  saturation  current  of  the  diode  and  is 
necessary  to  derine  ci«a  behavior  of  the  diode.  , 

b)  T yp i c a 1 Va 1 uo 

~ - 1 4 

I ^ varies  widely.  A typical  value  is  1 x 10  A 

c ) Measurement  • , 

The  diode  saturation  current  is  determined  py 

choosinq  a sinqie  I - V.  point  from  the  forward  bias  reqion  ■ Either  point 
ir  ed  to  obtain  0 may  be  used  by  subst.i  tuti nq  into: 


METER 

Figure  V-19.  n Test  Circuit 


the  n 
a is 


versus  VB8  curve, 
calculated  from: 


The  constant  "a"  is  the  negative  of  the  slope  on 
A straight  line  approximation  may  be  required. 


a = 


(n2  ' n,) 

d) 


Example  - 2N4894 
2 From  Measurement 

The  values  of  n as  a function  of  VBB  are 


shown  in  table  V-4.  The  data  are  plotted  in  figure  V-20.  One  surprising 
result  of  this  plot  is  the  positive  slope  of  the  line  formed.  It  is 
believed  this  may  be  due  to  tho  limitations  of  the  test  setup.  Therefore, 
q will  be  considered  a constant  and  "a"  will  be  considered  to  be  zero  for 
this  model.  Choosing  as  10  V,  is  about  0.82. 


TABLE  V-4.  n DETERMINAI ION 


VBB 


5. 

n V 

0. 

820 

10. 

5 

0. 

822 

15. 

0 

0. 

830 

20. 

0 

0. 

838 

23. 

9 

0. 

840 

2 Fro, 7i  Data  Sheets 

The  manufacturer  spec  if ’'cation  sheets 
presented  in  figure  V- 2 1 list  g at  10  V (V^)  between  0.  74  and  0.86. 
guess  at  from  data  sheets  might  be  the  midpoint  which  is  0.8. 

4)  RBB',V  b 


A 


a)  Definition 

R3BVK  's  tbe  1ntorbase  stance  at  Vpp  = V^. 
The  constant  which  relates  Rpp  to  Vpp  is  b. 

b)  Typical  Value 

Typical  values  for  Rggy^  and  b are  5 kilohms  and 
0.05  ki lohms/vol t , respectively. 

c ) Measurement 

Rgg.may  be  obtained  at  several  values  of  Vpp 
From  a test  setup  such'  as  the  one  shown  in  figure  V-22. 


i 

i 

f 
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TYPES  2N489I  THRU  2N4894 
P-N  PLANAR  UNIJUNCTION  SILICON  TRANSISTORS 


P'  ANAR  UNIJUNCTION  SILECT  TRANSISTORS  SPECIFICALLY  CHARACTERIZED  FOR  A 
WIDE  RANGE  OF  MILITARY,  SPACE  AND  INDUSTRIAL  APPLICATIONS: 

2N4I91  far  Control  Purpose  UJT  Applications  (Replocts  TIS43) 

2N4I92  for  High-Frequency  Relaxotien-Osrilator  Circuits 
2N4893  for  Thyristor  !SCR)  Trigger  Circuits 
2N4I94  for  Long-Timt-Bjlay  Ciicuits 


• Planar  Process  Presides  Extremely  Low  Leakage,  High  Performance  at  Low  Driving 
Currents,  and  Greatly  Improved  Reliability 

• Rugged,  One-Piece  Construction  Features  Ste  lard  100-mil  TO-11  Pin-Circle 


dctfl 

These  tron*.»t,  ri  arr  r"t<op9olo**d  •*»  a 'plashc  compound  Specifically  designed  tot  this  purpose.  using  o 
higHy  'nechah  red  ptocpst  developed  by  Teao*  Instrument!  The  case,  will  withstand  soldering  'empera 
tures  without  deform jt.on  The*-  devices  enh.bit  stable  chore*  fet»strc*  under  high  humidity  conditions  ond 
are  capob’  o*  meeting  MU  $*D  202C  method  106$  The  transistors  ore  insensitive  to  light 


‘•bioiuf*  nifii-wm  ,r«tlrtgi  •«  1$#C  fr»t<tir  ftmfttittvrt  (itnltu  otfiorwln  noted) 


Emitter  Bose -Two  Reverse  Voltage -30  V 

Interbate  Voltage  ......  . . See  Not*  ) 

. Continuous  Emitter  Cu  rent  5C  mA 

Peak  Emitter  Current  (See  Note  ?' ....  1 A 

Continuous  Device  Dissipation  at  (or  below  i ?3*C  Free  Air  Temp.»-  otur#  (See  Note  3)  ...  3 60  r.*W 

Storage  Temperature  Range  65*C  la  13C*C 

lead  Temperature  '<#  Inch  »rom  Cote  for  10  Seconds 3A0*C 

■CTtt  I »•  br>a  tOUOf*  <»  »#d  la'a'l  I.  M«0<  d.li'f*'1*  *(;  g,  V »||  • PT 


2 '*'*  na<wi  apfixs  M .H-  >*  4-«*a<*o  n.ivgfc  ift*  tm  tie -fen*  ono  4 4*  («»ronf  mail  toll  >o  • )?  * w.NHo  ] »«  and  #«Uo  io*«M<«a  r*f#  ««ir  *o«  snood 

) D*  i'»  ‘ -»#''»  *o  "0*1  »■**  « •»»#*•*«►■#  ••  *»♦  r»r  *»  It  itg 
•l*d-<  o*o*  It  Iff  rgi'fSd  4*44 

tt  M»»r-s  t*  f riOS  >»f«*m*nl  , 

Jp.u-I  Pond  ng  ’ 


Texas  Instruments 

I m I III  I'HM  sit  It 

#f>s*  .’ini  .«o«  i<*ti*«  if«*»  '%ttt 


n*\ 


Figure  V-21.  2N4B91-2N4894  Manufacturer  Specification  Sheets  (ref.  V-2) 
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TYPES  2N4891  THRU  2N4894 
P-N  PLANAR  UNIJUNCTION  SILICON  TRANSISTORS 


1YPICAI  CHACACTEklSTICS 
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2U4391-2N4094  Manufacturer  Specification  Sheets  (Continued) 
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TTKS  TWWI  THRU  2N4894 
M ftANAR  UNIJUNCTION  SttiCON  TRANSISTORS 


tY^ICAl  CHAtACTMtSTICS 
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Figure  V-21.  2N469i^2N4894  Manufacturer  Specification  Sheets  (Continued) 


* . r 


rrmaum  mum«w 

P-N  PLANAR  UNIJUNCTION  SILICON  TRANSISTORS 


’•'•ctrkal  (horactaiittlo  at  1S*C  tr»*-alr  tamparatvra  (imltH  atHarwiM  watad) 


1 ■ ... 

PAtAMfTIR 

TUT  CONDITIONS 

2N4if  1 
WIN  MAX 

1N4I91 
MIN  MAK 

2W4tf  3 
MIM  MAT 

2N40O4 

WIN  MAY 

UNIT 

| <m 

San  InK.Ww  ImKH 

*» .. 

1 * k o 

4 < 1 

4 t.l 

4 IJ 

4 11 

»n 

| i».« 

infifWto 

!«Kf0fetv<R  (MttkiMl 

Vri  it 

Ia  - 

= J *.  k =■  0. 

-ss*cmin*c  Sm  Nat  t 

ot  t.i 

0.1  Of 

i.l  Ot 

0.1  01 

1 V 

lalnmii  taM  law 

It 

It  *,  in  fipn  1 

OSS  OH 

0 51  Ott 

OSS  til 

0 74  »U 

, ••n-.o 

MiOrlrtlt  InlHtM  (•'tmM 

*«.. 

tO*.  k SO.-.J.  WM! 

to 

10 

to 

It 

mA 

' U«o 

Imifttf  lovortt  (wrtflt 

-io»  u.  o 

-10 

-10 

-to 

-10 

nA 

N«k  font  Imtffo*  CttrTOM 

It 

is* 

S 

J 

1 

1 

#** 

V|H|aa*l 

Emitlr.  - Nir  Oro 

WtvfttiM  Votoft 

V»l  •• 

It*,  k - Mat.  hM! 

4 

4 

4 

4 

V 

i'* 

VoMoy  Nm*  fft.tftar  (anaoN 

*«« 

M * 

i 

t 

1 

2 

mA 

Tor 

lm  0m  tMt  Mu  V Jlayt 

S«o  fiftN*  2 

i 

» _ 

t 

i 

V 

ROTH  4 

!*«*■  a<M«  iMlt.c.Mt  ((>w.  .»  laiaaml  4r  tRa  MlNOf  (#•«*!*  rt_ 

[ i.„  <•«'  i»*i]  - 1., 

1 y*% 

i 

!>„  i<f  n*u 

1 1»  Ol 

(a  aRi*a  r—  fw  a { *«•  t**H«***«*  T 

<MU  •** 

*•  “‘““I  'Mil  I'M 

.I  n*d  [i 

!■>,«/ 'ft  (i^,| 

I ?%•»•  •••*  M m**\mt*4  ylto  tMiwiyMt  l#  MR  fi%.  Art?  <?«»•  *.  1% 


'lafeMH  lf»|(  rafslattR  Rat* 


RARAMETfR  MIASUREMINT  INFORMATION 


7}  — IaN  inut  Jt**4*H  — TKit  p*t*yf*»  it  4mt***4  i*  l«r«tl  - 

•I  tK*  ***h  p*<nt  rttHof . Vr  by  »«■"»  •#  tK*  *Nv  '»•*  - yy 

Va<i  » V,,  wktit  v,  it  aW»i  OM  »*Jt  •<  2J#C  btmm 

wiA  NARiftwt  •'  abwl  1 Milli*«ht/4«f 

Tk#  dtwil  «i *4  t*  ma«wr«  ||  it  |Kf«n  in  tK*  li|Wr«  In  iKtt  «W- 
cvit,  (,,  C,  *ti4  tK*  yni|viKti««i  itamniat  ltn«  • ralaniiw  awil 
*f*4  *K*  fMNiitdtf  **  Ifc*  lircwil  i««v«i  ••  * rn!  talNft . 
R*t*tt*»  with  lK«  jii^i  D1  *m— m*tK*My  iwbiMtiAf  tK* 

V,  T»  «m  »K*  circwi*.  tK*  cal'  K*N*n  * *«tK*4.  •» 4 I,  ta 
u J|v>t*4  *9  mmkm  tK*  ;wrr**t  m*o*o  M,  r**4'  Ml  tc>il*.  IK*  ’ ta)" 
Kwtt*ft  tK**  it  r«t*  *oo4  tK*  **lw*  *1  ||  <|  i—4  Auytty  (ram 
tK*  >M*<*a,  »i*K  jj  - | catniR*aAa|  t*  (uN  acala  rf*ll*ci**A  •#. 
100  a* 

»,  IMW.  ■>  «ift  •«  hn—<f  iwamimn, 

»*  » = n*K 

it  < t ti*i,  = mi 


trautt  i - tit?  cotuit  rot  mrttHuc  iunoom  t*tto  (y 


Figure  V-21.  2N4891  2N4894  Manufacturer  Specification  Sheets  (Continued) 
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TYPES  2N4891  THRU  2N4894 

P-N  PLANAR  UNIJUNCTION  SILICON  TRANSISTORS 

typical  characteristics 
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Figure  V-21.  2U4891-2N4394  Manufacturer  Specification  Sheets  (Concluded) 
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Figure  V-22.  Rgg  Test  Circuit 


of  VgB  applied. 


The  base  two  current  is  recorded  for  each  value 
Rgg  at  each  value  of  Vgg  is  calculated  as: 


Rp,g  is  plotted  as  a function  of  Vgg.  RbbVK  t^1e  value  ^BB  at  VK‘ 
"b"  is  the  slope  of  the  Rgg  versus  Vgg  curve.  A straight  line  approxi- 
mation should  be  made.  Choosing  two  points  on  the  straight  line  approxi 
mation  yields:, 

u _ RBB2  ' RBB1 

b ~ y r-o — 

VBB2  VBB1 


d)  Example  - 2N4894 

1 From  Measurement 

Data  obtained  from  interba^e  resistance 
measurements  are  listed  in  table  V-5.  The  data  are  plotted  in  figure 
V-23.  Rgg is  6.58  kiiohms  and  b is  about: 


5)  N 

a)  Definition 

N is  the  exponent,  of  the  equation  relating 

to  1^ 

b)  Typical  Value 

A typical  value  of  N is  0.5. 
c}  Measurement 

N may  be  obtained  from  the  I-V  characteristic  of 
the  emitter  base  one  diode  in  the  saturation  region  (high  emitter  current). 
Ig  and  are  obtained  at  two  points  in  the  saturation  region  using  a 
test  setup  such  as  the  one  shown  in  figure  V-24. 


Figure  V-24.  Saturation  Region  Test  Circuit 

The  value  of  Vg0  applied  is  chosen  to  be  equal 

t0  V *81  i5: 


V-45 


where: 


r - 

' Tt 


N can  now  be  determined  as: 


in  1 

f RB1A^ 

15 

i 

CD 

no 

tfn  j 

W> 

where: 


rbia  = rbi  at  h = va,ue  1 

RBIB  = RB1  at  * value  2 
I^A  = 1^  at  value  1 


EB 


1^  at  value  2 


d)  Example  ~ 2N4894 

The  two  bias  points  produced  the  following  data: 
Bias  Point  One 
ifBj  - ~ mA 


EB1 

^BB 

*82 


1.85  V 
- 10  V 
= 8 mA 


VjE  = JO 


«n 


/ 3 mA 

\2. 9 x I0'1 ' A/ 


0.689  V 


n . 1.85  V - 0.689  V . „ 

rbi  " “ 106 


Bias  Point  fwo 


^Bl  = 5 mA 

VtB1  - 1-/5  V 

VBB  10  V 

lp,  “ 9.8  mA 


'.it 


-s ,n  (; 


b mA 


— ; — Tn— 

9 x It)  1 A 


) 


0.  70S  V 


N can  now  be  coinput  oJ  a^: 


d>  Definition 

I j ] is  ar>  empirically  determined  constdnt. 
b)  Ht'U  dl  .Vdlue 

A typical  value  tot  Ipj  * I mA. 

Ip | is  determined  from: 


d)  Example  - 2N4894 

Choosinq  the  previous  result  of  Rgj  = 106  1)  at 
Ip  = 3 mA,  Ip | can  be  found  as: 


V- 4/ 


3 mA 


ei  r , 

[(0.82)(6.L8  x 1QJ  «)/( 106  ft)| 
Ipj  r 2.21  x 10  ^ amperes 


rT70 


7)  a 

a)  Definition 

a is  the  value  of  the  constant  relating  the 
current  generator  Ig  to  1^. 

b ) Typical  Value 

A typical  value  for  a is  0.1. 

c)  Measurement 

The  value  for  a is  determined  from  1^,  Ig2,  Rg^ . 
and  Rg2  at  a bias  point  in  the  saturation  region,  a can  be  found  as 
follows: 


VB8  ' (1E  + *82*  RB1 
B2 

At  VBB  = V 

nB2  = " ‘W  RBBV* 

d)  Example  - 2N4894 

Using  the  parameters  obtained  at  "Bias  Point 
One,"  a can  be  calculated  as: 

“ = S~iR 

a = 0.18 
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8 mA 


. 10  V - (3  mA  ♦ 8 mA)  106 
(1  - 0.82)(6.58  x 103  O) 


0 

t 


"Kfcfci.- 


«y  k 

0 

a)  Definition 

Kg  is  the  constant  of  the  diffusion  capacitance 

equation. 

b)  Typical  Value 

3 

A typical  value  of  Kg  is  lx  10  pF/mA. , 

c)  Measurement 

Kg  is  determined  from  storage  time  Measurements 
for  the  emitter  base  one  diode.  Base  two  is  left  open.  A discussion  of 
the  details  of  this  measurement  can  be  found  in  chapter  II. 

d)  Example  - 2N4894 

Measurement  of  the  diffusion  capacitance  con- 
stant was  obtained  from  the  photograph  shown  in  figure  V-25  which  shows 
the  switching  transient  of  the  diode.  The  oscilloscope  voltage  is  obtained 
by  monitoring  the  diode  current  through  a IK  resistor.  From  the  photograph: 


t = 500  ns 

IF  = 4 mA 
Ip  =1  mA 


F = 1 3n  (1  ♦ 4 mA/1  mA) 
“ 2H  500  ns 


F = 5.12  x 103  Hz 
26.8 


K0  = 


2n  (5.12  x 103  Hz) 


Kg  = 6.33  x 10*®  farads/amp 


9) 


tance. 


a)  Definition 

Rg  is  the  emitter  base  one  diode  leakage  resis- 


V-49 


b ) IXR\£i 1 Value 

A typical  value  for  is  10  kilohms. 

c)  Measurement 

Rj,  may  be  obtained  ty  applying  a reverse  bias  to 
the  emitter  base  one  diode  with  the  base  two  lead  ope''  and  measuring  the 
current. 


d)  Example  - 2N4894 

The  reverse  leakage  current  of  the  emitter  base 
one  d;ode  was  found  to  be  0.68  nA  at  a reverse  bias  of  2b  volts. 


2b  V 

ora  - 


3.68  x 10  ohms 


3.  Radiation  Effects 

a.  Photocurrent  Effects 

The  characteristics  of  the  unijunction  transistor  are 
critically  dependent  on  the  interbase  resistance  terms.  Ionuing  radi- 
ation will  increase  the  number  of  charge  carriers  in  the  base  region 
increasing  the  conductivity  of  this  high  resistance  material.  The 
decrease  in  interbdse  resistivity  may  ’•esult  in  sudden  switching. 

This  effect  can  be  modeled  by  varying  the  interbase  resistivity  terms 
based  on  measurements. 

b.  Neutron  Effects 

Again,  the  characteristics  of  the  UJT  are  linked  to  the 
behavior  of  the  interbase  resistance.  Neutron  irradiation  wi 1 1 increase 
the  resistivity  of  these  regions.  High  resistivity  semiconductor  material 
is  especially  susceptible  to  this  effect 

The  reduction  in  minority  carrier  lifetime  will  affect  the 
conductivity  modulation  protess.  The  injected  holes,  which  lower  the 


resistivity  of  the  interbase  element  will  disappear  faster.  An  increase 
in  emitter  current  will  be  required  to  produce  an  equivalent  change  in 
the  resistivity  of  the  interbase  element. 

The  circuit  operation  of  the  UJT  depends  on  the  valley 
voltage  and  firing  voltage.  Neutron  irradiation  will  leave  the  firing 
voltage  unaffected,  but  will  increase  the  valley  voltaqe.  Failure  occurs 
when  the  valley  voltage  is  about  equal  to  the  firing  voltage.  When  this 
voltaqe  equality  occurs,  the  usefulness  oi  the  device  is  lost.  The 
valley  voltage  has  beon  seen  to  be  a direct  function  of  fluent. e level 
through  experiments.  Failure  usually  occurs  at  a f*uence  lev<l  between 
1012  n/c.a2  and  I0i3  n/cmf 
4.  Computer  Example 

Ihe  2N4894  -rode l was  verified  by  placing  the  UJT  model  within  a 
relaxation  oscillator  circuit.  The  test  circuit  used  to  test  the  UJT 
oscillator  is  shown  in  figure  V-26. 


Figure  V-J6.  UJT  Test  Circuit  Schematic 


Figure  Vm27  represents  the  input  to  SCEPTRE.  The  response  of 
the  simulated  oscillator  is  shown  in  figure  V*28.  A verifying  fpature  of 
this  »un  is  the  voltage  at  which  the  UJT  triggers.  E8  in  (he  test  circuit 
was  set  to  10  voits.  The  UJT'  should  trigger  at  roughly  the  intrinsic 
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Fiyure  V-27.  UJT  Test  Circuit 
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Figure  V-28.  ('.IT  Oscillator 


standoff  ratio  times  £B.  Since  the  intrinsic  standoff  ratio  for  the 
2N4894  was  determined  experimentally  as  0.82,  the  UJT  should  switch  at 
8.2  volti.  The  model  2N4894  can  be  observed  to  switch  at  8.6  volts.  The 
frequency  o f oscillations  are  determined  by  the  external  circuitry  and 
cannot  he  used  as  a verifying  test. 


C.  SCR  MODELING 


1.  Introduction 

The  silicon  controlled  rectifier  is  a four  layer  (P-N-P-N) 


switch.  The  standard  model  of  the  SCR  is  the  two  transistor  model  illus- 
trated in  figure  V-29. 


4 ANODE 


CATHODE 
GATE  2 


3 ANODE 
DATE 


6 1 CATHODE 


4 ANODE 


Figure  V-29.  Two  Transistor  Equivalent  Model  of  the  Thyristor 


The  anode  gate  is  generally  not  accessible  to  terminal  measure- 
ments, greatly  complicating  the  modeling  task.  Simplifications,  there- 
fore, may  he  required. 

Switching  action  occurs  when  the  sum  of  the  alphas  (or  the 
product  of  the  betas)  of  the  transistors  exceeds  unity.  The  alphas  of 
each  transistor  are  functions  of  anode  current.  At  some  value  of  anode 
current  the  sum  of  the  two  alphas  will  be  unity  and  the  SCR  will  switch 
from  the  blocking  state  to  the  on  or  conducting  state.  The  switching  is 
the  result  of  regenerative  feedback  between  the. two  transistors.  Figure 
V-3Q  illustrates  the  characteristics  of  an  SCR. 


As  with  the  UJT,  two  . odelihg  approaches  exist,  the  equivalent 
circuit  and  a hybrid  circuit-analytical  function  circuit.  A third  approach, 
which  will  not  be  discussed,  treats  the  SCR  as  a logic  element  in  one  of 
two  possible  states. 

To  model  the  variable  alpha  in  the  equivalent  circuit,  a shunt 
diode  is  included  as  illustrated  by  figure  V-31.  Rj  represents  the  gate 
resistance  and  R^C^  determines  turn-on  delay  time.  R^  is  the  anode  to 
cathode  leakage  resistance.  R2  is  the  series  resistance  of  the  conduct- 
ing state. 

The  constants  of  the  shunt  diode  can  be  found  by  realizing  that 
the  diode  behaves  in  an  identical  manner  to  the  shunt  diode  discussed  in 
chapter  III.B.4  which  models  low  current  beta  falloff. 

An  equivalent  circuit  model  was  developed  in  chapter  VII. B. 1 as 
an  example.  The  gain  of  transistor  1 was  chosen  as  unity.  The  gain  of 
transistor  2 was  chosen  as  100.  The  parameters  o>  the  shunt  diode  were 
chosen  such  that  at  the  anode  trigger  current  of  2 microamperes,  the  low 
current  gain  of  transistor  2 was  also  unity.  Thus,  at  an  anode  current 
of  2 microamperes,  the  sum  of  the  2 alphas  reaches  unity  and  switching 
will  occur.  ■ 

The  equivalent  circuit  of  the  SCR  has  the  chief  limitation  of 
being  unable  to  accurately  model  breakover.  Breakover  occurs  due  to 
leakage,  avalanche  multiplication,  and  base  width  modulation  effects  that 
occur  when  the  reverse  biased  P-N  junction  of  the  SCR  is  subjected  to 
further  reverse  bias.  Breakover  is  illustrated  in  figure  V-32..,  If 
higher  simulation  accuracy  is  desired,  the  describing  equations  for  the 
SCR  may  be  implemented  through  the  hybrid  approach.  Such  a model  is 
discussed  in  more  detail  in  the  following  section. 


2. 


SCR  Model 


Description 


The  SCR  model  presented  is  a general  purpose  model  developed 
from  the  equations  which  describe  thyristor  behavior  up  to  turn-on. 


b.  Advantages 

The  SCR  model  defines  anode  current  as  a function  of  gate 
current  in  the  "off"  legion.  The  breakover  voltage  is  simulated  as  a 
function  of  gate  current  in  the  "off"  region. 

c.  Cautions 

The  general  SCR  model  only  simulates  device  behavior  to 
the  extent  of  turn  on.  Many  simplifications  are  made  in  the  parameteri- 
zation process.  Implementation  is  difficult  relative  to  the  simpler 
models. 


d.  Characteristics 

The  general  SCR  model  is  illustrated  in  figure  V-33. 


The  equation  describing  the  off  characteristic  of  a thyristor 
is: 

I 

A * - (a*  ♦ «2) 

“1  ’ f <*A> 

°2  - f <JA> 

IB  is  a voltage  dependent  current  source  whose  function  is  to  model  the 
breakover  condition  illustrated  in  figure  V-32.  Ig  would  be  more  accu- 
rately placed  in  parallel  with  element  Ic  since  I0  represents  the  leakage 
across  junction  I^..  I0  was  placed  at  its  present  position  to  allow  ease 
of  parameterization. 

Defining  Equations 

tA  = ISA  («P  <eA  • Vi 


e. 


Ic=  Isc  lexp  (Oc  • Vc)  -1| 

IK  = *SK  *°K  * VK*  ' 1 > 

IM  = «2  !K  = f(i?) 

>H  = “1  <■*>  '»  = '<♦> 

Ig  = Lhe  current  necessary  to  increase  the  gate 

current  to  the  trigger  current  when  a breakdown 
c adition  is  reached 
= application  dependent  capacitance 
= application  dependent  capacitance 
= application  dependent  capacitance 
f . parameterization 

1)  Determination  of  Oj  (1^),  (I^) 

The  characteristic  of  a 2N506 1 SCR  was  obtained 
through  application  of  the  test  circuit  of  figure  V-34. 


From  the  test  circuit  a set  of  anode  Currents  at 
various  values  of  gate  currents  for  low  anode  voltages  was  obtained.  The 
anode  voltage  was  then  increased  to  record  breakover  voltage.  The  results 
are  listed  in  table  V-7. 

Alpha  1 was  then  chosen  as  0.5.  Solution  of  the 
equation  describing  the  off  characteristic  of  a thyristor  for  a ^ yields 
the  values  shown  in  table  V-8.  A plot  of  1^  and  Ig  as  a function  of  a ^ 
is  given  in  figure  V-35.  the  valje  of  gate  current  at  which  cr ^ equals 
0.5  was  chosen  as  30  microamperes. 

Subsequent  computer  simulations  established  the  exact 
gate  trigger  current  as,  0.97  pA.  The  experimental  value  of  trigger 
current  was  about  1 pA.  The  current  generator  Tg  was  then  described  in  a 
tabular  fashion  to  supply  current  to  the  gate  such  that  Ig  ♦ Ig  = 0.97  pA 
at  the  breakover  voltage. 

2)  Estimation  of  Other  Parameters 

From  the  accessible  gate-cathode  junction,  two  I-V 
points  were  measured  as: 


V 

*GK 

0.34  V 

0.1  pA 

0.50  V 

1.0  pA 

P = 


_£n(jJra)  _ 14.4 

’ 075' V - u.34“V  _ ~T 


IS  = 


exp 


1 pA 

14.4 


0.5  V 


= 7.47  x 10  ^ amperes 


For  simplicity,  it  was  assumed: 


i 

i 
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TABLE  V-7.  MEASURED  SCR  PARAMETERS 


^A 

!g 

VB0 

2 pA 

0.41  pA 

45.0  V 

3 

0.52 

29.0 

4 

0.60 

* 

19.0 

5 

0.66 

1 

14.  0 

6 

0.72 

■ 19.5 

7 

0.  74 

9.2 

TABLE  V-8.  DETERMINATION  OF  a 


]a 

v k * mi  ■ i * w r * wi  14 

lY2 

■ 

2 pA 

0.415 

3 

0.423 

4 

0.435 

5 

0.442 

6 

0.446 

7 

0.452 

V-62 


*SK  ~ !SC  ~ !SA 


The  junction  capacitors  were  arbitrarily  «et  to  1 pF 
for  the  desired  application. 

Manufacturer  specif ication  sheets  for  the  2Nb061  are 
included  in  figure  V- 36 . 

3.  Radiaticr  Effects 

a.  Photocurrent  Effects 

~ f ~ 1 

Thyristors  are  extremely  susceptible  to  ionizing  radiation 
when  in  the  off  state.  Ionizing  doses  on  the  order  of  10  rads  delivered 
in  a few  microseconds  are  often  sufficient  to  switch  the  thyristor  to  the 
on  state. 

The  dominant  photocurrent  generator  will  be  the  reverse? 
biased  junction  between  the  anode  gat-  and  the  cathode  gate.  The  photo- 
current  may  be  represented  by  a current  generator  between  the  base  of  the 
twin  transistors  in  the  equivalent  model.  Photocurrents  produced  in  this 
region  will  undergo  some  degree  of  avalanche  multiplication.  The  exact 
photocurrent  required  to  produce  switching  will  be  affected  by  bias, 
external  circuitry,  ionizing  radiation  waveform,  and  device  parameters. 
The  value  of  the  photocurrent  generator  and  the  radiation  levels  which 
produce  switching  are  best  determined  by  experiment.  The  device  behavior 
under  irradiation  may  be  described  by: 

■ . ai  \ * ‘pp 

a i tt«[  ♦ojy 

where  the  alphas  are  current  dependent  and  I is  the  photocurrent  pro- 
duced across  the  reverse  biased  junction  in  the  biased  off  state. 
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figure  V-36.  2M5Q61  Manufacturer  Specification  Sheets  (Concluded) 
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b.  Neutron  Effects 


Neutron  damage  will  decrease  the  alphas  of  the  model  tran- 
sistors. As  a result,  neutrons  will  make  the  thyristor  harder  to  switch 
to  the  on  state.  As  a result  of  the  decrease  in  alpha,  the  breakover 
voltage  will  increase  along  with  the  holding  current,  and  the  saturation 
resistance.  If  the  thyristor  is  not  severely  damaged,  it  will  still  show 
switching  behavior. 

The  dominant  physical  mechanism  of  damage  in  SC^'s  is  the 
lowering  of  minority  carrier  lifetime.  This  effect,  and  other  neutron 
effects  on  the  behavior  of  transistors,  is  discussed  in  more  detail  in 
chapter  III.B.7. 

12 

Thyristors  generally  show  switching  behavior  up  to  10 

2 

n/cm  . Care  must  be  taken  in  the  circuit  design  to  supply  the  increased 
requirement  for  gate  trigger  current. 

4.  Computer  Example 

The  model  for  the  2N5061  was  tested  using  SCEPTRE.  SCEPTRE  was 
chosen  due  to  the  high  flexibility  required  by  this  thyristor  model. 

This  model  did  prove  to  be  somewhat  unwieldy  during  verification  runs  and 
certainly  does  not  represent  the  easiest  SCR  model  to  use. 

The  test  circuit  for  the  SCR  model  is  illustrated  in  figure 
V-37.  The  gate  is  driven  by  a constant  0.72  pA  and  the  anode  to  cathode 
voltage  is  ramped  to  20, V in  1 millisecond.  Data  obtained  for  the  2N5061 
indicate  that  the  SCR  should  switch  when  the  anode  to  cathode  voltage 
reaches  10. 5 volts. 

The  test  circuit,  as  input  to  S^EPTItE,  is  illustrated  in  figure 
V-38.  The  SCEPTRE  output  of  figure  V-39  produces  a simulated  breakover  ■; 

voltage  of  9.6  volts.  ' j 

, ' ■ ■ ■ ' j 

D . TRANSFORMER  MODELING  J 

1.  Introduction 

There  are  two  methods  by  which  transformer  modeis  may  be  developed. 

(1)  An  equivalent  circuit  developed  through  physical  reasoning. 
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figure  V-38.  SCEPTRE  Input  for  SCR  Test? 


V-71 


Figure  V-39.  SCR  Character .sties 


(2)  An  equivalent  circuit  based  on  the  theory  of  magnetic  circuits. 
Method  1 yields  the  familiar  te*‘.book  models  for  transformers. 

These  models  consist  of  an  ideal  transformer  element  and  the  associated 
parasitics.  Any  real  transformer  may  be  modeled  as  an  ideal  transformer 
by  inclusion  of  the  proper  parasitic  elements.  The  ideal  transformer 
requires  the  following  assumptions: 

(1 ) No  Losses 
. (2)  Unity  Coupling 

(3)  Infinite  Inductance  of  the  Primary  and  Secondary  Coils 
The  relevant  equations  for  the  ideal  transformer  are: 


Implementation  of  these  equations  requires  knowledge  of  the  driving  point 
impedai.ee  of  the  circuit.  The  circuit  shown  in  figure  V-40  may  be  trans- 
formed to  the  equivalent  circuit  shown  in  figure  V-41. 


Figure  V-40.  Transformer  Inclusive  Circuit 
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Figure  V-41.  Transformed  Circuit  tor  Anal>sis 

The  transformer  "dot"  c'nvention  is  also  important.  The  con- 
vention implies  that  a positive  voltage  applied  to  the  primary  “dot"  will 
induce  a positive  voltage  at  the  secondary  "dot".  Any  real  transformer 
nay  be  modeled  as  an  ideal  transformer  if  the  proper  parasitic  elements 
are  included  as  part  of  the  model.  Techniques  for  determining  the  values 
and  placement  of  the  parasitic  elements  are  discussed  in  rt  erence  V-4. 

Difficulties  are  encountered  when  attempting  to  place  the 
"physical  reasoning"  model  in  a computer  simulated  circuit.  First,  there 
are  problems  associated  with  impedance  transformations  and  reflections. 
Second,  there  are  difficulties  in  developing  a model  if  a nonlinear, 
active,  or  frequency  dependent  load  is  being  driven  by  the  transformer. 

Such  problems  are  not  encountered  if  a "magnetic  circuit"  model 
is  applied.  It  is  for  this  reason  that  the  "magnetic  circuit"  model  is 
developed  in  detail  in  the  following  sections. 

2.  Transformer  ^del 

a.  Description 

The  coupled  coils  model  presented  uses  dependent  voltage 
sources  to  model  magnetic  coupling  effects. 

b.  Advantages 

the  model  is  a 'drop-in"  model  requiring  no  impedance  or 
voltage  transformations  It  has  been  applied  in  very  simple  network 
analysis  cod^s. 
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c.  Cautions 


Nonlinear  and  second  order  ef reels  are  rut  included  in 
this  model.  The  parasitic  elements  are  modeled  in  a very  simplistic 


manner. 


d.  Characteri sties 

The  model  for  the  coupled  coils  is  illustrated  in  figure 


Figure  V-42.  Equivalent  Circuit  for  Coupled  Coils 


e.  Defining  Equations 


Parameter  List 
M = mutual  Inductance 

lj  = inductance  of  coil  1 

t-2  = inductance  of  coil  2 

= value  of  dependent  voltage  source  1 


V 2 = value  of  dependent  voltage  source  2 
= the  voltage  across 

= the  voltage  across 

»-j  = the  primary  winding  resistance 

r^  = the  secondary  winding  resistance, 

Cj  = the  parasitic  winding  capacitance  of  the  primary 

C.,  = the  parasitic  winding  capacitance  of  the  second- 

i- 

- ary 

= the  interwinding  capacitance 
g.  Pa<  ameterization 


!)  L}.  l2 

a)  Definition 

Lj  and  L-  are  the  small  signal  inductance  values 
of  the  primary  and  secondary  coils,  respectively. 

b)  typical  Value 

A large  rarge  of  values  for  Lj  and  are  pos- 
sible. Typical  values  range  from  1 microhenry  to  100  henries. 

c ) Measurement 

can  be  measured  by  connecting  an  inductance 
bridqe  across  the  primary  winding  and  leaving  the  secondary  winding  leads 
unconnected  or  open.  To  avoid  the  effects  of  capacitive  parasitics,  the 
inductance  measurement  should  be  made  at  the  lowest  frequency  possible. 

ifn  the  low  kilohertz  range  are  generally  adequate. 

1.,  is  measured  in  the  same  manner  as  1^.  For 
the  primary  winding  leads  are  left  open. 


Measurements  nado  il 


the  measurement 


d)  Example 


l,,  the  primary  inductance,  was  determined  to  be 
1.06  henry  on  a 1 diz  impedance  bridqe.  L^,  the  secondary  inductance, 
was  found  to  be  1.  38  mH. 


M 

a) 


Definition 

M is  the  value  of  mutual  inductance  for  coupled 


coils. 


b)  Typical  Value 

M is  defined  as: 

"=  K>/h4 

where  K is  the  coupling  coefficient  and  is  unity  for  an  ideally  coupled 
circuit.  M is  therefore,  a strong  function  of  coil  inductance  which  may 
vary  widely. 

c)  Measurement 

Two  coupled  coils  are  connected  in  series  and 
their  total  inductance  is  measured  and  recorded.  This  is  done  best  at 
lower  frequencies.  The  connections  are  reversed  and  the  inductance  of 
the  two  coils  is  again  measured  in  series.  The  two  measurements  will 
produce  a series  aiding  inductance,  L , and  a series  opposing  inductance, 

a 

Lq.  The  higher  inductance  of  the  two  measurements  is  the  series  aiding 
value.  The  mutual  inductance  can  now  be  calculated  as: 


d)  Example  - S12X 

Aiding  inductance  of  the  S12X  transformer  was 
measured  as  1140  mH.  Opposing  inductance  was  measured  at  980  mH.  M was 
determined  as: 

u _ 1140  mH  - 980  mH 

M 5 - 

M - 0.04  henries 

3)  r]f  r2 

a)  Definition 

rj  and  rg  are  the  ohmic  resistance  values  of  the 
primary  and  secondary  windings,  respectively,  r^  and  are  actually 
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frequency  dependent  due  to  such  high  frequency  phenomenon  as  the  skin 
effect,  r^  and  r^  are  distributed  in  and  respectively,  but  are 
treated  as  single  elements  for  this  model. 

b)  Typical  Value 

r,  and  r^  can  range  from  a negligible  value  of 
resistance  to  several  kilohms. 

c)  Measurement 

r^  is  measured  by  connecting  a sensitive  ohmeter 
across  the  primary  leads  and  measuring  the  resistance  value.  is 
measured  in  a similar  manner  across  the  secondary  l*ads. 

d)  Example  - S12X 

The  resistance  of  the  primary  coil  was  measured 
as  140  ohms.  The  resistance  of  the  secondary  coil  was  found  to  be  0.58 
ohms. 

4)  C]t  C2 

a)  Definition 

C|  and  represent  the  interwinding  capacitance 
within  the  primary  and  secondary  coils.  C1  and  C2  are  actually  distri- 
buted, but  are  assumed  to  be  discrete  elements  connected  across  the 
primary  and  secondary  inputs  for  this  model. 

b)  Typical  Values 

Cj  and  are  typically  several  picofarads. 

c)  Measurement 

Measurement  of  and  C2  is  difficult.  One 
procedure  i.»  to  measure  the  capacitance  of  a winding  with  the  other 
winding  opf  . at  a frequency  at  which  the  inductive  impedance  of  the  coil 
is  much  greater  than  the  capacitive  impedance. 

d)  Example  - S12X 

The  intercoil  capacitance  was  measured  across 
the  primary  at  1 MHz  as  0.6  pF.  The  capacitance  across  the  secondary  was 
measured  as  0.5  pF. 


5)  Cj 

a)  Definition 

is  a capacitance  value  which  represents  the 
distri  cted  capacitance  between  two  closely  wound  coils. 

b)  Typical  Value 

The  typical  value  * * Cj  is  several  picofarads. 

c)  Measure  lent 

A value  for  C3  can  be  found  by  shorting  the 
primary  leads  together  and  then  shorting  the  secondary  leads  together.  A 
capacitance  bridge  can  then  be  used  to  determine  the  capacitance  between 
the  primary  and  secondary  ceils  by  connection  across  the  primary  and 
secondary  leads. 


d )  Example  - SI 2< 

The  cote; ling  capacitance  between  the  primary  and 
secondary  was  measured  at  1 MHz  as  77  pF. 

3 . , Higher  Order  Effects 

a.  Multiple  Port  Transformers 

To  model  multiple-coupled  coils,  the  rr.jtual  inductance 
between  all  the  interacting  coils  must  be  defined.  Consider  the  three 
port  transformer  of  figure  V-43.  The  relevant  equations  are: 


el  ' L1  dT 


^12  ^13 

* 17  VL2  * LJ  V 


L3  * Vl 


di?  ^ M23 


e2  = if  VU  3T  * LT  VL3  * 'lr2 


M,3  Mz3  di3 

e3  = if  VU  * if*  \ 2 'h  dT  * <3r3 


Therefore,  coil  1 would  be  modeled  as  shown  in  figure  V-44.  Simi’iar 
models  hold  for  coils  2 and  3.  The  general  rule  is  that  if  there  are  N 
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coupled  coils,  each  coil  win  be  modeled  as  above  with  (N-l)  voltage 
sources  (one  voltage  source  for  each  of  the  other  N-l  coils). 


figure  v-43.  Three  Port  Transformer 


Figure  V-44.  Port  Model 


b.  Saturation  and  Hysteresis 

Special  and  fairly  involved  subprograms  may  be  req-iired  to 
model  nonlinear  flux  versus  magnetic  force  cnaracteristics.  For  single 
windings  , 


where: 

t = magnetic  flux  as  a function  of  I 
L = coil  inductance 
I = coil  current 
N = coil  turns 

To  model  the  nonl inear  characteristic  of  a single  induc- 
tor, a plot  of  flux  as  a function  of  inductor  current  is  required. 

Taking  the  derivative  of  this  plot  yields  d0/dl.  Multiplying  the  deriva 
tive  by  N yields  the  inductor  value  as  a function  of  current.  The  d^/dl 
values  may  be  expressed  in  a tabular  manner  or  analytically. 

Hysteresis  may  be  modeled  in  a similar  manner.  Two  flux 
versus  current  paths  are  now  possible,  a magnetizing  patn  and  a demagne- 
tizing path. 

The  problem  becomes  more  complex  when  a transformer  is 
considered.  The  value  of  each  winding  inductance  will  be  a function  of 
the  winding  current  and  a function  of  every  other  winding  current. 

Further  information  on  the  computer-aided  modeling  of 
nonlinear  magnetic  effects  aay  be  found  in  reference  v-5- 
4.  Model  Development  from  Pata  Sheets 

Useful  models  may  be  developed  from  the  manufacturer  specifi- 
cation sheets.  Unfortunately,  the  data  sheets  vary  widely  in  the  format 
and  type  of  information  presented. 

One  widely-used  format  lists  the  primary  and  secondary  imped- 
ances, the  lower  3 dB  frequency  of  the  transfer  function,  f^,  and  the 


upper  3 dB  frequency  of  the  transfer  function,  f^.  The  impedances  are 
the  rated  source  and  load  resistances  between  which  the  performance 
ratings  are  determined.  Reductions  or  increases  in  the  source  or  load 
resistance  would  alter  the  frequency  performance  limits.  The  model 
parameters  can  be  determined  from,  these  specifications  as: 


F 
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, _ \ l2 
J°  ' Llf  4 
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2r(l  - kT)vL]L2  Gq 


linger  impedance  matched  conditions: 
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4 = 


4 = ttrL 


* = 

The  transformer  transfer  characteristic  is  shown  in  figure  V-45. 


Figure  7-45.  Transformer  Transier  Characteristic 
Similar  relations  exist  for  the  transformer  input  impedance 

f = 

To  2nL^ 

fl  = 2^ 

f =_!l 
2 (1  - k2)L2 

Under  impedance  matched  conditions: 


The  transformer  input  impedance  characteristic  is  shown' in  figure  V-46. 


5.  Radi  at- on  Effects 

iraisf'  rmers  are  relatively  resistant  to  radiation  damage. 

3 

Transformers  and  relays  require  doser  of  over  10  rads  to  produc*  damage. 
The  damage  is  manifested  as  the  degradation  of  insulating  material  and 
expansion  of  potting  compounds. 

Ionizing  radiation  does  produce  some  transient  leakage  through 
insulators,  but  this  etiect  is  generally  of  no  importance. 

EMP  may  be  a serious  problem  as  overvoltage  could  be  coupled 
through  a transformer  Another  po.sibility  is  arcing  across  adjacent 
wires  in  the  winding.  Thearcing  Droblem  may  require  the  monitoring  of 
voltages  accoss  the  transformer. 

6.  Computer  Example 

To  verify  the  validity  if  the  S12X  model,  a transfer  charac- 
teristic was  obtained  from  ih<»  SPICE  code.  This  transfer  function  was 
then  compared  to  the  actual  transfer  function  which  was  determined  from 
data  obtained  using  a ve»u.;  voltmeter. 


The  test  circuit  input  to  SPICE  to  determine  the  transfer 
function  to  the  transformer  is  illustrated  in,  fiqure  V-47.  The  SPICE 
listing  shown  in  figure  V-48  produces  the  transfer  characteristic.  The 
results  of  the  simulation,  toyether  with  the  experimental  data,  are  shown 
in  figure  V-49.  At  the  normal  operating  frequencies  of  the  transformer, 
good  simulation  results  have  been  obtained.  The  model  does  predict  the 
first  resonance  point  but  simulation  ability  is  lost  at  higher  frequencies 
due  to  the  simplified  modeling  of  the  parasitic  effect-. 
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Figure  V-49.  Transformer  Data 
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CHAPTER  VI 
SIMPLIFIED  MODELING 


A.  INTRODUCTION  TO  SIMPLIFIED  MODELING 


The  analyst  confronted  with  the  problem  of  determining  the  vulnera- 
bility of  systems  containing  IC's  (integrated  circuits)  must  decide  just 
how  to  model  the  IC's.  In  some  cases,  he  may  be  able  to  test  the  IC, 
find  out  where  it  fails,  and  set  the  system  failure  level  equal  to  the 
lowest  IC  failure  level.  More  often,  however,  a clear  definition  of  IC 
failure  may  not  be  possible  since  IC's  typically  show  gradual  degradation 
due  to  neutron  or  total  dose  environments.  Similarly,  the  short  tran- 
sients produced  by  y radiation  may  or  may  not  be  important  to  system 
operation.  Thus,  computer-aided  circuit  analysis  may  be  required  to 
determine  whether  the  IC  response  leads  to  system  failure. 

There  are  two  possible  approaches  to  modeling  IC's.  The  first  of 
these  is  detailed  modeling  of  the  elements  that  make  up  the  IC.  This 
requires  knowledge  of  the  actual  structure  of  the  IC,  including  knowledge 
of  the  parasitic  devices.  Such  information  is  difficult  to  obtain  since 
manufacturers  are  usually  not  willing  to  release  it,  and  direct  measure- 
ment of  individual  devices  on  t».e  IC  is  usually  not  possible.  Furthermo'e, 
such  detailed  IC  models  require  large  amounts  of  core  storage  and  comput- 
ing time,  limiting  the  number  of  IC's  that  can  be  treated  in  any  one 
simulation.  Detailed  modeling  of  IC's  may  be  applicable  to  the  study  of 
IC  response,  but  is  not  generally  applicable  to  the  study  of  system 
response. 

The  second  approach  to  the  modeling  of  IC's,  simplified  modeling,  is 
the  subject  of  this  chapter.  In  simplified  modeling,  the  response  of  the 
IC  as  measured  at  the  terminals  is  simulated  to  provide  the  correct  volt- 
ages and  currents  as  a function  of  time  and  stimulus.  This  modeling  is 
done  without  regard  to  the  actual  electronic  devices  within  the  IC  which 


produce  that  response,  and  simplified  models  frequently  bear  little  resem- 
blance to  the  pnysical  properties  of  such  devices.  A simplified  model  is 
really  only  a mathematical  description  of  the  measured  response  of  an  IC 
to  certai.n  stimuli. 

The  analyst  must  remember  that,  while  a detailed  model  might  be  u^ed 
to  predict  IC  response,  a simplified  model  can  only  simulate  IC  response. 

If  a simplified  model  is  applied  to  regions  where  the  simulation  is  not 
valid,  the  resulting  predictions  of  system  response  can  be  grossly  in 
error.  Let  the  analyst  beware! 

The  sophistication  of  the  simplified  model  mav  be  limited  by  the 
properties  of  the  particular  circuit  analyst's  code  used.  SCEPTRE  a’lows 
user-defined  models,  parameters,  equations,  tables,  and  FORTRAN  subrou- 
tines, and  can  thus  implement  virtually  any  simplified  model  *hat  can  be 
described  mathematically.  In  addition,  SCEPTRE/LOGlC  (to  be  discussed  in 
section  C)  allows  straightforward  simulation  of  complex  logic  circuits 
such  as  those  found  in  LSI  (large  scale  integrated)  circuits.  NET-2  has 
capabilities  similar  to  those  of  SCEPTRE,  and  the  system  elements  avail- 
able in  Release  9 provide  many  of  the  capabilities  of  SCEPTRE/LOGIC. 

Other  codes  provide  less  flexibility,  but  still  incorporate  features  such 
as  controlled  current  and  voltage  sources,  piecewise  linear  approximation,’ 
and  other  useful  tools. 

Increased  model  sophistication  comes  at  the  expense  of  increased 
memory  requirements,  increased  running  times,  and  increased  chances  for 
error.  The  analyst  should  always  use  the  simplest  model  which  will  meet 
the  required  needs;  however,  a sophisticated  model  should  not  be  used 
simply  because  it  is  familiar  or  because  the  code  allows  it,,  nor  should 
the  analyst  model  details  of  the  response  if  those  details  will  be  swamped 
by  data  uncertainties 

This  chapter  cannot  be  the  definitive  work  on  simplified  modeling, 
and  the  analyst  is  referred  to  the  many  references  (see  references  VI-1 
through  VI-6)  on  the  subject  for  greater  detail.  It  is  the  goal  of  this 
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chapter  to  introduce  the  analyst  to  the  concept  and  philosophy  of  simpli- 
fied modeling  and  to  illustrate  its  implementation  with  concrete  examples. 
It  is  hoped  this  will  trigger  a spark  of  inventiveness  within  the  reader 
which  will  enable  simplified  model ing  techniques  to  be  applied  to  unique 
problems. 

Since  the  requirements  of  simplified  modeling  of  linear  and  digital 
integrated  circuits  differ,  they  are  discused  separately.  In  section  B, 
linear  circuits  are  discussed  and  illustrated  through  actual  modeling  of  a 
74 1 DC  operational  amplifier.  In  section  C,  simplified  modeling  of  digital 
integrated  circuits  is  discussed.  Techniques  for  modeling  input  and 
output  characteristics  are  presented  along  with  techniques  for  modeling 
logic  circuit  response  either  through  subroutines  or  through  the  use  of 
SCEPTRE/LOGIC  or  NE1-2  system  elements.  Examples  are  presented  to  illus- 
trate the  concepts  involved. 

B.  SIMPLIFIED  MODELING  OF  LINEAR  CIRCUITS  AND  SYSTEMS 

1 . Introduction 

The  complexity  involved  in  modeling  large  linear  circuits  gener- 
ally requires  techniques  of  simplified  modeling.  The  technique  of  simpli- 
fied modeling  treats  the  complex  circuit  like  a black  box  with  only  the 
terminal  behavior  considered  important. 

The  simulation  accuracy  of  a simplified  model,  can  be  improved  to 
any  degree  of  accuracy  required,  but  only  at  the  expense  of  model  complex- 
ity. Only  the  circuit  characteristics  required  for  the  correct  solution 
of  the  problem  need  be  included  in  a simplified  model.  Some  features 
which  might  be  considered  for  Inclusion  into  a simplified  model  are: 

(1)  The  voltage  gain,  current  gain,  or  other  ideal  function  of  the 
circuit. 

(2)  The  input  and  output  impedance. 

(3)  The  frequency  and  transient  response. 


(4)  The  large  signal  characteristics. 

(5)  The  radiation  response. 

Only  the  particular  features  needed  should  be  included.  These  features 
are  discussed  in  a modular  fashion  to  facilitate  inclusion  of  only  neces- 
sary leatures. 

An  example  of  simplified  im  deling  of  a 741DC  operational  ampli- 
fier is  presented  here  to  help  illustrate  the  concepts.  This  model  is 
quite  sophisticated  and  is  used  in  example  3 of  chapter  VII.  However,  a 
much  simpler  model  of  a 741  is  used  in  example  2 of  chapter  VII  where  a 
fully  detailed  model  is  not  needed.  These  i<amples  illustrate  the  range 
of  simplifications  in  the  model  which  might  be  used  under  differing  cir^ 
cur-stances. 

The  techniques  illustrated  here  may  be  applied  to  linear  cir- 
cuits other  than  operational  amplifiers. 

2-  Modeling  frequency  Characteristics 

One  of  the  more  difficult  features  to  incorporate  into  a model 
is  the  frequency  response  of  the  circuit.  One  method  of  approaching  this 
problem  is  to  treat  the  circuit  as  a series  of  interconnected  funct’onal 
stages.  Each  stage  can  then  model  a particular  characteristic,  for 
example,  an  amplifier  has  the  frequency  character istic  of  figure  Vl-1. 


LOG  f RCQUtNCV , ((«*! 

Figure  VI- l . Frequency  Characteristic 
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The  frequency  characteristic  of  figure  VI-i  may  be  modeled  by 
application  of  the  two  frequency  shaping  networks  shown  . n figure  VI-2. 
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Figure  VI-2.  Frequency  Networks 


To  model  pole  l arid  zero  1, 


value.  is  solved  from: 


1 


Rg  is  now  found  as: 


1 


choose  Ra  of  network  B to  be  any 


f>  * S (#A  CA) 


f2  = S'tR,  CAi 


Fhe  double  pole  at  can  be  modeled  by  application  of  network  A 

f _ 1 
3 ■ 

To  implement  the  frequency  shaping  networks  in  the  amplifier 
model,  it  must  be  remembered  that  these  networks  cannot  be  loaded  or 
their  transfer  characteristics  will  be  altered,  and  network  A must  be 
included  twice  to  simulate  the  doub’e  pole  t frequenc  i\-  ' u "end^it 
source  may  be  used  to  convert  ;entty  inplemt"..  e3cr.  t ■ cer  netw.  :r>;  i 

separate  stage  to  avoid  any  coupling  problem-.  ! r!  a staged  netv  -x  ? „ 
illustrated  in  figure  Vi-3. 

3 . Example  of  Simplified  Modeling 

Simplified  modeling  is  best  explained  throuqh  the  use  or  an 
example.  It  is  desired  to  generate  a simplified  model  of  a pA7410C  op 
amp  (operational  amplifier).  Tne  following  cnaracteristics  were  chosen 
as  being  critical  for  obtaining  the  desired  simulation  results: 


U) 

Offset  Voltage 

(2) 

Open  Loop  3a i n as  a Function  of  Frequency 

(3) 

CMRR  t common  mode  rejection 

ratio) 

(4) 

PCSR  (power  supply  rejection 

rat io) 

(5) 

Input  Bias  Current 

(6) 

Offset  Current 

(7) 

Supoly  Current  (no  load) 

(8) 

Input  Capacitance 

(9) 

Output  Resistance 

‘ 

(10) 

Output  Voltage  Swing 

(11) 

Slew  Rate 

02) 

Radiation  Effects 

a.  Definitions 

t ) Offset  Voltage 

Offset  voltage  is  defined  as  the  differential  input 
voltage  required  to  obtain  zero  volts  at  the  amplifier  output. 
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2 ) Open  Loop  Gain 

Op  amp  gain  is  defined  as  the  change  in  output  voltage 
divided  by  the  change  in  the  differential  voltage  at  the  input  terminals 
for  an  amplifier  with  no  external  feedback  applied. 

3 ) Common  Mode  Rejection  Ratio 

CMRR  is  a measure  of  the  ability  of  an  op  amp  to 
ignore  changes  in  the  common  mode  voltage  input.  CMRR  is  obtained  by 
dividing  the  change  in  common  mode  voltage  by  the  change  in  differential 
input  voltage  required  to  hold  the  op  amp  output  voltage  constant. 

4)  Power  Supply  Rejection  Ratio 

PSRR  is  a measure  of  the  ability  of  the  op  amp  to 
ignore  changes  in  the  pow.  .*  supply  voltages.  PSRR  is  obtained  by  dividing 
the  change  in  power  supply  voltage  by  the  change  in  input  voltage  required 
to  hold  the  output  voltage  constant. 

5)  Input  Bias  Current 

Input  bias  current  is  that  current  flowing  intc 
either  the  inverting  or  noninverting  input  terminals. 

r> ) 0 cfse t Curient 

The  offset  current  is  the  difference  between  the  two 

input  bias  currents. 

7)  Supply  Current 

Supply  current  is  that  current  in  the  +V  or  -V  supply 
terminals  of  the  op  amp. 

8)  Output  Voltage  Swing 

The  output  voltage  swing  is  the  maximum  amount  that 
the  output., voltage  may  change  for  a given  supply  voltage. 

b.  Parameterization  of  pA741DC  Operational  Amplifier 

In  the  following  parameterization  examples  the  measurements 
have  been  taken  using  a Tektronix  577  curve  tracer  with  a 178  linear 
circuit  tester  option.  This  measurement  tool  provides  a greait  deal  more 
information  about  op  amp  performance  than  the  usual  linear  circuit  tests. 
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However,  acceptable  parameterization  information  can  be  obtained  from 
other  linear  integrated  circuit  testers  or  from  custom  test  apparatus 
such  as  described  in  appendix  3 of  reference  VI-7. 

1 ) Offset  Voltage 

a)  By  Measurement 

Offset  voltage  was  measured  by  use  of  the  Tektronix 
577-178  curve  tracer.  The  display  used  to  determine  offset  voltage  is 
illustrated  in  figure  VI-4.  The  display  shows  the  amplifier  input  voltage 
on  the  vertical  axis, and  the  output  voltage  on  the  horizontal  axis.  The  • 
offset  voltage  (3  mV)  is  the  input  voltage  required  to  force  the  output 
voltage  to  0. 

b)  From  Data  Sheets 

The  manufacturer  specification  sheets  (figure 
VI-5)  list  a typical  input  offset  voltage  of  2 mV  and  a maximum  input 
offset  voltage  of  5 mV. 

2)  Open  Loup  Gain 

a)  By  Measurement 

The  photograph  shown  in  fiyure  VI-6  depicts  the 
gain  of  the  741  op  amp.  The  display  shows  the  amplifier  input  voltage  on 
the  vertical  artis  and  the  output  voltage  on  the  horizontal  axis  with 
offset  voltage  nulled.  The  amplifiers'  voltage  gain  can  be  seen  to  be 
fairly  linear  and  have  a value  of  about: 

1 i 

= 1.75  X 10b  or  105  dB 

b)  From  Oata  Sheets 

The  manufacturer  specification  sheets  (figure 
VI-5)  list  the  typical  large  signal  voltage  gain  as  200,000  and  the 
« minimum  large  signal  voltage  gain  as  20,000. 

A very  important  gain  parameter  is  the  open  loop 
gain  as  a function  of  frequency.  This  is  a difficult  parameter  to  measure 
"but  is  available  in  the  data  sheets  (figure  VI-5)  in  graphical  form.  The1 
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Manufacturer  Specification  Sheets  (ref.  VI-8) 
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Figure  VI-5.  Manufacturer  Specification  Sheets  (Continued) 
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TYPICAL  PERFORMANCE  CURVES  FOR  741 
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FUNCTION  OP  SUPPLY  VOLTAGE 


Figure  VI-5,  ilanufacturer  Specification  Sheets  (Continued; 
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desired  plot  is  "open  loop  voltage  p^in  as  function  of  frequency."  Infor- 
mation from  this  plot  is  necessary  to  model  the  frequency  characteristics 
of  the  ampl i f ler. 

3)  tommon  Mode  Rejection  Ratio 

a)  From  Measurement 

l he  CMRR  can  be  determined  from  the  curve  tracer 
photograph  shown  in  figure  VI-7.  The  vertical  axis  displays  the  change 
in  input  voltage  between  the  input  terminals.  The  horizontal  deflection 
is  the  common  mode  voltage.  The  output  of  the  op  amp  is  held  at  zero 
volts.  The  CMRR  is  the  change  in  common  mode  voltage  (horizontal)  divided 
by  the  change  in  input  voltage  (vertical).  CMRR  for  this  particular  p741 
op  amp  can  be  seen  to  be  about: 

CMRR  r OT  = 4 x 1 04  = 92  dB 

b)  From  Data  Sheets 

The  manufacturer  specification  sheets  shown  in 
figure  VI-5  yield  a typical  CMRR  of  90  dB  and  a min:mum  CMRR  of  70  dB. 

4)  Power  Supply  Rejection  Ratio 
a)  From  Measurement 

Three  measurements  of  PSRR  may  be  made.  PSRR 
can  be  measured  from  variations  in  the  positive  power  supply  (♦PSRR),  for 
variations  in  the  negative  power  supply  (-PSRR),  or  for  variations  in 
both  power  Supplys  (iPSRR).  For  all  PSRR  displays,  the  horizontal  deflec- 
tion is  the  power  supply  voltage.  The  vertical  deflection  is  the  change 
in  the  op  amp  input  voltage  with  the  output  held  at  zero.  The  displays 
for  +PSRR,  -PSRR,  and  iPSRR  are  given  in  figures  VI-8,  VI-9,  and  VI- 10, 
respectively.  Since  ♦PSRR  represents  the  dominant  PSRR  it  will  be  modeled. 
PSRR  is  the  change  in  power  supply  voltage  (horizontal)  divided  by  the 
change  in  input  vollage. 


+PSRR  = 


10  V 

O- i9 


= 3.33  x 104  - 90  dB 


b)  From  Data  Sheets 

The  manufacturer  specification  sheets  (figure 
VI-5)  list  typical  PSRR  as: 


low 


« 3.33  x 10" 


and  the  maximum  PSRR  as; 


1 

T50~pV7V 


5) 


= 6.67  x 10° 

Input  Currents 
a)  From  Measurement 


The  Tektronix  577-1/8  displays  input  bias  current 
of  the  op  amp  (vertical)  as  a function  of  common  mode  voltage  (horizontal). 
Figure  VI-11  yields  the  inpu*  current  into  the  noninverting  input  and 
figure  VI-12  yields  the  input  current  into  the  inverting  input.  At  zero 
input  voitage,  both  input  currents  are  about  17  nA.  The  slopes  of  the 
input  current  lines  suggest  a linear  resistance  of  about: 


RIN  = OS  = 1.375  x 109  ohms 


Offset  current  may  be  obtained  from  the  photograph  shown  in  figure  VI-13 
which  displays  both  input  currents  on  an  expanded  scale  with  no  zero 
reference  voltage.  The  offset  current  is  the  vertical  distance  between 
the  two  traces  or  about  1 . 2 nA. 
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Figure  VI-11.  Input  Current  into  Noninverting  Input 


VERT: 

10  nA/div 
HORIZ: 

5 V/div 


Figure  VI-1?.  Input  Current  of  Inverting  Innut 
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VLRT : 

2 nA/cfiv 
H0RI7: 

5 V/div 


Figure  V I - 1 3 . Measuring  Offset  Current  ( Inverting  Input 
is  Represented  by  Upper  Trace) 


b)  From  Data  Sneets 

The  manufacturer  specification  sheets  (figure 
VI-5)  list  input  bias  current  as  having  a typical  value  of  80  nA  and  a 
maximum  value  of  500  nA.  Input  offset  current  has  a typical  value  of  20 
nA,  and  input  resistance  has  a typical  value  of  2 megohms. 

6)  Supply  Currents 

a)  From  Measurements 

Power  supply  current  as  a ^unction  power  supply 
voltage  for  the  ♦ and  - supply  can  be  obtained  from  the  photograph  shown 
in  figure  VI-14.  The  trace  suggests  a resistance  of 

rrisr  = ’ * io4  ohms 

Supply  current  as  a function  of  output  voltage 
is  demonstrated  in  the  photograph  shown  in  figure  VI-15.  This  character- 
istic and  supply  current  as  a function  of  load  were  not  chosen  as  aspects 
to  be  modeled. 

b)  From  Data  Sheets 

The  manufacturer  specification  sheets  (figure 
VI-5)  list  a typical  supply  current  of  1.7  mA. 

7 ) Input  Capacitance 

The  manufacturer  specification  sheets  (figure  VI-5)  , 
list  a typical  input  capacitance  of  1.4  pF. 

8)  Output  Resistance 

The  manufacturer  specification  sheets  (figure  VI-5) 
list  a typical  output  resistance  of  75  ohms. 

9)  Output  Voltage  Swing 

a)  From  Measureim-  it. 

The  output  voltage  limits  for  a supply  voltage  of 
±15  volts  can  be  obtained  from  the  gain  display  shown  in  figure  VI-6.  It 
can  be  seen  from  this  photograph  that  output  voltage  may  swing  from  14  volts 


to  -12.5  volts.  Therefore,  it  will  be  assumed  that  the  output  voltage 
can  swing  to  vithin  1 volt  of  the  ♦ power  supply  and  to  within  2.5  volts 
of  the  - power  supply. 

b)  From  Data  Sheets 

An  indication  of  how  far  voltage  may  swing  for 
any  supply  voltage  is  given  by  the  "output  voltage  swing  as  a function  of 
supply  voltage"  plot  in  the  manufacturer  specification  sheets.  This  plot 
indicates  that  the  voltage  swing  is  always  about  4 volts  less  than  the 
sum  of  the  two  power  supply  voltages. 

10)  Slew  Rate 

Slew  rate  is  given  in  figure  VI-5  as  0.5  volts  per  ■ 
microsecond.  Slew  rate  cm  be  measured  by  setting  up  the  op  amp  in  an 
amplifier  configuration,  applying  a large,  fast  rise  pulse  and  measuring 
the  response  rate  (in  volts  per  microsecond)  of  the  amplifier  output 
using  an  oscilloscope. 

c.  Development  of  Model  of  pA741DC 
1)  Inclusion  of  Offset  Voltage 

Offset  voltage  may  be  included  in  the  model  by  plac- 
ing a voltage  source  in  one  of  the  input  leads.  The  value  of  the  voltage 
source  is  equal  to  the  offset  voltage  and  its  polarity  should  be  such  as 
to  produce  the  effects  displayed  in  figure  VI-4.  The  inclusion  of  offset 
voltage  is  illustrated  in  figure  VI-16. 


3mV 


Figure  VI-16.  Inclusion  of  Offset  Voltage 
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2)  Inclusion  of  dc  Gain 

dc  open  loop  gain  can  be  . ncluded  as  a voltage  con- 
trolled  voltage  source  as  illustrated  in  figure  VI-17. 


Figure  VI-17.  Ideal  Gain  Characteristic 
3)  Frequency  Response  of  Gain 

The  frequency  shaping  network  can  be  developed  from 
the  plot  of  "open  loop  voltage  gain  as  a function  of  frequency"  in  figure 
VI-5.  From  this  plot  it  can  be  seen  that  a pole  exists  at  about  3 Hz  and 
another  at  about  1 MHz.  This  characteristic  can  be  simulated  through  a 
double  application  o*  network  A of  figure  VI-2 

To  model  the  first  pole  at  3 Hz,  choose  R^  - 5K. 

Then, 

3 Hz  = U, 

2n(5  x 1(T  i))(CA) 

'=  1.06  x 10  J farads 

To  model  the  second  pole  at  1 MHz,  choose  RA  = 5 kfl. 

Then, 


VI-23 


= 3.18  x 10-11  farads 


The  composite  frequency  shaping  network  can  now  be  included  into  the 
model,  taking  care  not  to  load  individual  stages  as  illustrated  in  figure 
VI-18. 


Figure  VI- 18.  Op  Amp  With  Frequency  Shaping  Network 


4)  Common  Mode  Rejection  Ratio 

CMRR  can  be  modeled  by  modifying  the  offset  “citage 
source.  The  modification  is  such  as  to  udd  a voltage  dependent  voltage 
term  to  the  source  which  wrill  produce  the  results  observed  in  figure 
VI-7.  The  additional  term  will  be  0.4  mV  for  every  16  volts  applied  to 
the  noniiiverting  input.  The  input  stage  can  now  be  represented  as  shown 
in  figure  VI-19. 


Figure  VI- 19.  Modeling  CMRR 
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5)  Power  Supply  Rejection  Ratio 

PSRR  may  be  modeled  by  adding  a third  term  to  the 
offset  voltage  source.  Since  +PSRR  was  determined  to  be  the  dominant 
component,  a voltage  increase  of  0.3  mV  for  every  10  volts  decrease  in 
♦ power  supply  must  be  represented  at  the  input  as  illustrated  in  figure 
VI-20. 


Figure  VI-20.  Modeling  PSRR 


6)  Input  Bias  Current 

The  input  bias  currents  may  be  represented  by  a con- 
stant current  source  of  17  nA  in  parallel  with  a resistor  of  value  equal 

Q 

.o  1.88  x 10'  ohms.  This  is  illustrated  in  figure  VI-21. 


Figure  VI-21.  Addition  of  Input  Bias  Effects 
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7)  Offset  Current 

Offset  current  is  i.todeled  by  simply  unbalancing  the 
two  constant  current  sources  by  the  magnitude  of  the  offset  current. 

This  is  achieved  by  increasing  the  value  of  the  current  generator  assoc- 
iated with  the  inverting  input  to  18.2  nA. 

8)  Supply  Current 

Supply  current  as  a function  of  supply  voltage  may  be 
modeled  by  two  shunt  resistors  of  value  10  kilohms.  Supply  current  as  a 
function  of  outnut  voltage  will  not  be  modeled.  The  power  supply  current 
equivalent  circuit  is  shown  in  figure  VI-22. 


+ V 

10k>. 


X 


10k.: 


- V 


Figure  VI-22. 
9)  CIN’  R0UT 


Modeling  Power  Supply  Current 


inputs  to  ground. 

10) 


Output  Voltag 


The  input  capacitance  should  be  placed  across  the 
R0UT  be  pjl aced  in  the  output  lead. 


The  output  voltage  will  be  limited  through  a logical 


function  to  a voltage  1 volt  less 
V-.  This  can  cause  computation  pjroblems 
may  be  preferable. 

11)  Slew  Rate 


Slew  rate  is 


modeled  by  limiting  the  rate  at  which 


may  be  achieved  by  converting  the 


Swings 


than  a V’  and  2.5  volts  greater  than 
A table  or  analytic  function 


the  10.6  pF  frequency  response  capacitor  of  the  model  could  charge.  This 


5 kft  charging  resistor  to  a nonlinear 
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voltage  dependent  current  source.  This  current  source  w« 1 1 behave  like  a 
5 ki)  resistor  if  output  is  not  slew  rate  limited.  If  the  output  is  slew 
rate  limited,  the  current  source  will  saturate  to  a constant  value. 

The  following  rules  determine  if  the  output  response 
is  slew  rate  1 imited: 

(1)  If  the  differential  input  voltage  times  the  gain-bandwidth 
product  is  less  than  the  slew  rate  the  response  is  bandwidth 
limited. 

(2)  If  the  differential  input  voltage  times  the  gain-bandwidth 
product  is  greater  than  the  slew  rate  the  output  is  slew  rate- 
linrted  (see  reference  VI-9). 

The  gain- bandwidth  product  is  the  product  of  the  dc 
gain  times  the  3-aB  bandwidth  (in  radians)  of  the  a'—lifier. 

For  the  741DC: 


GB  = (1.75  x 105)  r lz)  (2n)  = 3.3  x 106  radians/s 


The  inp*„  step  voltage  at  the  boundary  between  slew  or  network  dominated 
response  is: 


sec 


3.3  x 10  radians 


= 0.152  V 


The  voltage  breakpoint  of,  the  nonlinear  current  source  is: 


t (1.75  x 105)  (0.152  V)  = 2.66  x 104  V 


The  saturated  current  value  of  the  dependent  current  source  is: 


>Mt  ■ 


Thus  the  characteristic  of  the  current  source  is  shown  in  figure  VI-23. 


Fioure  VI-23.  Conversion  of  5 kfl  Resistor  to  Include  Slew  Limiting 

12)  Complete  Electrical  Model 

The  completed  electrical  model  of  the  pA741DC  is 
illustrated  in  figure  VI-24. 

4.  Computer  fxample 

To  demonstrate  the  behavior  of  the  model  pA741DC,  the  model  was 
put  through  two  verifying  tests.  One  test  involved  the  op  amp  configured 
in  a unity-gain  arrangement  with  an  input  voltage  source  which  is  over- 
driving the  amplifier  (overdriving  would  be  one  possible  EMP  transient 
upset  effect).  The  other  test  has  a high  frequency  voltage  source  driving 
the  op  amp  in  an  open  loop  configuration.  The  decline  in  open  loop  gain 
was  compared  to  the  manufacturer  specification  sheets.  SCEPTRE  was  used 
to  test  the  models. 

fhe  first  test  consisted  of  the  circuit  shown  in  figure  VI-25. 
The  second  test  arrangement  is  illustrated  in  figure  VI-26.  For  both 
tests*  the  output  voltage  of  the  op  amp  was  monitored  as  a function  of 
time. 

The  SCEPTRE  input  listing  for  test  1 is  given  in  figure  VI-27. 
The  SCEPTRE  output  is  shown  in  figure  VI-28.  A clipped  sine  wave  is 
clearly  visible.  Removing  the  voltage  limiting  subroutine  in  the  model 
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SUBPROGRAM 

FUNCTION  FOUT ( VO  » VP » VNJ 
FOUT= VO 
VSP=VP-1.0 
, VSN=2.5-VN 

IF  (VO.GT.VSP)  FOOT  = VSP 

IF  (V0.LT.VSN)  F OU I = VSN 

IF  ( VO.GT  .VSP.AND.VO.LT  .VSN)  FOUT.=  0 

RETURN 

EM) 

CIRCUIT  DESCRIPTION 
tLEMENTS 
RSS. 1-0=10. F3 
RPSS. 0-2=10. £3 
CINP. 3-0=1. 4E-12 
CINn. 0-4=1. 4E-12 
JIN. 3-4=0 

E I NP » 3-5  = X 1 <3.t-3-2.5t-b*VJlN-30.E-6*(lb..- VPSS) ) 

PINP. 5-0=1 .H8E9 

WINN. 0-4=1 ,8H£ 9 

JOFP»5-O=l 7 . E-u 

JOFN.4-O=la,2fc -9 

JO .5-4=0 

E0.0-6=X2< 1 ,75E5*VJ0) 

PI .6-7=5. £3 
Cl. 7-0=10. 6E-6 
£ 1 » 0-8  = X3 ( VC  1 ) 

P2.8-9=b.E3 
C2.9-0-31.8E-12 
hOUT. 10-11=75 

EOUT * 0- 1 0 = F OUT (VC2.VRSS.VRPSS) 
t PPS. 0-1  = 15 
ENPS ♦ 2-0=1 5 
JOUT .11-0=0 

EINPUT.3-X=X4 ( .01* <SIN<6.28£4*TIME> > ) 

PIN.X-4=S0. 

FUNCTIONS 
OUTPUTS 
VjOUT.PLOT 
PUN  CONTROLS 
STOP  TlME=b.E*4 
END 


Figure  VI-27.  Test  1 Input 
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yA741  Output  Voltage 


will  produce  the  output  of  figure  VI-29.  This  plot  demonstrates  that  the 
feedback  loop  did  indeed  produce  unity  gain,  as  required. 

The  SCEPTRE  input  listing  for  test  2 is  given  in  figure  VI-30. 

The  SCEPTRE  output  for  test  2 is  show',  in  figure  VI-31.  The  peak  voltage 
swing  of  the  output  sine  wavt  is  desired.  This  can  be  seen  to  be  just 
under  a volt.  Oividing  output  voltage  by  input  voltage  (0.01  volt) 
yields  a voltage  gain  of  about  100  at  10  kHz.  The  manufacturer  speci- 
fication sfeets  (Open  Loop  Voltage  Gain  as  a Function  of  Frequency) 
indicat*  that  gain  is  100  at  10  kHz. 

The  ramping  of  the  dc  level  in  figure  VI-31  is  due  to  the 
effects  of  offset  voltage  and  current  in  the  open-loop  analysis  of  the  op 
amp.  Such  an  instability  wnuld  be  expected  if  the  same  test  were  to  be 
performed  on  a **eal  device.  The  ability  to  >ee  the  behavior  of  the 
..nplifier  before  it  reaches  saturation  in  about  1 ms  is  an  example  of  Lhe 
power  which  computer-aided  modeling  allows  the  analyst. 

5.  Radiation  Effects 
a.  Photoresponse 

Under  ionizing  radiation,  photocurrents  will  act  to  alter 
the  biases  and  saturate  op-amp  stages.  Output  voltage  will  become  some- 
what independent  of  the  input  voltage  levels. 

Experimental  data  are  required  to  describe  the  transient 

behavior  of  the  operational  amplifier.  This  behavior  may  then  be  included 

as  part  of  the  model.  Experimental  data  for  the  741  indicates  that  at 
8 

levels  above  1 x 10  rads(si )/sec,  the  output  voltage  will  rise  at  a 
rapid  rate  determined  by  the  radiation  response  of  the  output  stages  of 
the  operational  amplifier.  The  output  will  then  saturate  for  some  time 
period.  After  the  radiation  pulse*  the  amplifier  will,  come  out  of  satu- 
ration and  recover  at  the  slew  rate  of  the  amplifier. 

The  photoresponse  was  modeled  by  the  cm  rent  generator, 

IRAQ,  as  illustrated  in  fiqure  Vl-32.  IRAD  charges  the  dominant  pole 
capacitor,  Cl,  faster  than  the  slew  rate  limited  current  source,  Jl,  can 
discharge  the  capacitor.  The  result  is  a change  in  output  voltage  sensed 
as  an  error.  In  summary,  to  model  the  transient  behavior  of  an  operational 


Figure  VI-29.  Unity  Gain  Ampli'.ir 


SUBPROGRAM 

FUNCTION  FOOT <V0» VP. VN) 

FOUT=VO 

VSP=VP-1.0 

VSN=2.5-VN 

IF  (VO.GT.VSP)  F OUT-VSP 

IF  (VO.LT.VSN)  FCUT=VSN 

IF  (VO.GT.VSP, AMD. VO. LT.VSN)  FOUT=0 

RETURN 

END 

CIRCUIT  DESCRIPTION 
ELEMENTS 
RSS. 1-0=10. £3 
RPSS. 0-2=10. E3 
C I NP  *3— 0*1.4 E— 12 
CINN. 0-4=1. 4E-12 
JIN»3-4=0 

EINP.3-5=X1 (3.E-3-2.5£-5*V JIN-30 .E“6* ( 15. -VRSS)  1 

RINP.5-0*1.8BE9 

RINN. 0-4*1. 8BE9 

JOF». 5-0=17. E-9 

JOFN. 4-0=18. 2E-9 

J0*5-4=0 

EO.O-6=X2C.75E5*VJO> 

Rl. 6-7=5. E3 
Cl » 7-0=1 0 .6E-6 
E 1 * 0-8  = X3 ( VC1 ) 

R2. 8-9=5. E3 
C2* 9-0=31 .BE -12 
ROUT. 10-11=75 

EQUT.0-10*FOUT (VC2.VRSS. VRPSS) 

EPPS. 0-1*15 
ENPS.2-0*15 
JOUT .11 -0*0 
RBI. 11-4*. 001 
RB2»X-3=50. 

EINPUT.0-X=X4(10.« (SIN(TlME*3.l4E3))tl0.1 

FUNCTIONS 

OUTPUTS 

VJOUT.PLOT 

RUN  CONTROLS 

STOP  TlME=l.E-2 

END 


Figure  VI-30.  Test  2 Input 


Vi -40 


Figure  VI-31.  yA741  Frequency  Response  Test 


amplifier,  a method  must  be  found  to  disable  the  ideal  behavior  of  the 
amplifier  to  allow  the  output  voltage  to  change  independently  of  the 
input  voltage.  Manipulations  of  IRAD  will  produce  t'iie  risetimes,  satura- 
tion times,  and  falltimes  required  by  the  experimental  data. 

When  a differential  input  voltage  of  over  0.152  V is 
applied  across  the  op  amp  model  input  terminal,  current  source  J1  satu- 
rate; at  5.3  amps  to  model  the  slew  rate.  The  transient  rise  rate  of  the 
op  amp  ran  therefore  be  defined  by: 


Thus,  the  magnitude  of  IRAD  will  determine  the  rate  of  rise  of  the  ampli- 
fier during  an  ionizing  radiation  pulse.  By  defining  dv/dt  as  the  exper- 
imentally determined  transient  rise  rate,  IRAD  can  be  quantified. 

When  the  output  tries  to  rise  above  15  V,  saturation  is 
simulated.  The  time  in  saturation  can  be  controlled  by  proper  definition 
of  the  IRAD  pulse  width.  After  IRAD  is  set  to  zero,  the  output  will 
begin  to  recover  at  the  slew  rate  as  desired.  For  the  741DC^this  is  0.5 
V/ps.  The  output  will  remain  in  saturation  until  the  voltage  on  Cl  drops 
below  i5  V.  The  output  will  then  recover  at  the  slew  rate  until  normal 
operation  is  restored.  Figure  VI-33  shows  the  relationship  of  the  IRAD 
current,  the  voltage  on  the  capacitor,  and  the  output  voltage, 
b Burnout 

Burnout  may  he  simulated  hv  placing  a power  monitoring 
element  across  the  sensitive  terminals.  This  element  must  be  included  in 
a manner  such  that  circuit  operation  will  not  be  affected  until  a.,  over- 
stress waveform  is  initiated.  The  power  dissipated  by  the  power  sensing 
elements  may  then  be  monitored  by  the  methods  discussed  for  diodes  in 
chapter  II  and  burnout  predicted.  Due  to  the  multiple  current  paths  that 
can  be  produced  by  an  overstress  pulse,  the  Wunsch  expression  may  no-  be 
valid  for  integrated  circuits,  and  a form  P(FAIL)  = At  ® where  A and  B 


are  experimental  constants  may  be  more  applicable.  An  example  of  a power 
sensing  element  and  its  placement  across  a circuit  input  is  sho*-'n  in 
figure  Vl-34. 


Figure  VI-34.  Use  of  Porter  Sensing  Element 

The  current  and  voltage  characteristics  of  the  device 
subjected  to  an  ove^stress  are  modeled  t/  the  breakdown  voltage  and 
resistance  terms  included  in  the  power  sensing  elei-?nt.  This  element 
then  has  no  affect  on  normal  electrical  operation  but  simulates  the 
correct  current  and  voltage  characteristics  in  breakdown. 

Values  for  A,  B,  Vgp,  and  Rg  may  be  determined  experimen- 
tally by  overstress  testing  sample  devices  to  failure.  Approximate 
values  for  these  quantities  may  also  be  obtained  from  reference  VI -10 for 
many  integrated  circuit  technologies. 

c.  Neutron  and  Total  Dose  Effects 

The  effects  of  neutrons  and  total  ionizing  dose  are  to 
degrade  various  parameters  of  the  integrated  circuit.  For  instance, 
neutrons  will  primarily  decrease  open  loop  gain,  increase  bias  current, 
increase  offset  current,  and  increase  offset  voltage  while  total  ionizing 
dose  will  usually  increase  bias  currents  and  offset  current.  Experimental 
data  of  parameter  changes  at  given  fluences  and  doses  can  be  reflected  in 


the  model  by  simply  changing  the  appropriate  parameter.  Simulations  with 
the  new  parameters  will  then  indicate  whether  the  parameter  degradations 
lead  to  system  failure. 

C.  SIMPLIFIED  MODELING  CF  DIGITAL  CIRCUITS  AND  SYSTEMS 

1 . Introduction  to  Simplified  Digital  Modeling 

The  aoal  of  simplified  digital  modeling  is  *e  c ->ectly  simulate 
the  terminal  characteristics  of  a digital  integrated  circuit  i "Y’ction 
of  time  and  >'arious  stimuli  including  radiation.  general,  to  • oil- 
ing is  done  without  direct  consideration  of  the  ynvsica?  process  in.. lved. 
Correct  simulation, involves  modeling  the  terminal  current  a.d  voltaoe 
characteristics,  the  correct  logic  functioning  of  the  device,  the 
characteristics  such  as  propagation  delay  of  logic  signals  and  the  "fn.-cts 
of  radiation  on  these. 

Modeling  of  the  terminal  current  and  voltage  characteristics 
usually  involve'  the  current  characteristics  as  a function  of  voltage  for 
the  input  terminals  and  the  voltage  as  a function  of  logic  state  and 
source  or  sink  current  for  the  output  terminals.  Proper  current  and 
voltage  characteristics  can  be  obtained  bv  making  a detailed  model  of  the 
input  and  output  circuitry.  However,  since  the  aim  of  simplified  modeling 
is  to  reduce  the  : mber  of  elements,  such  detailed  modeling  is  generally 
npt  done.  Inr‘ead,  elements  such  as  nonlinear  dependent  curre.  t sources 
are  used  to  approximate  the  desired  current  and  voltage  response  of  the, 
terminal.  For  MOS  circuitry,  a single  capacitor  may  accurately  model 
device  input  characteristics  while  for  many  circuit  types  a simple  Thevenin 
equivalent  circuit  (switched  voltage  source  and  constant  output  resistor) 
may  provide  an  adequate  model  of  the  output  characteristics.  As  always, 
the  models  chosen  should  be  the  simplest  ones  needed  to  give  required 
results  and  should  be  consistent  with  the  data  available. 

The  correct  logic  functioning  of  a device  can  be  simulated  by 
making  a detailed  model  the  internal  circuitry  (reference  VI-11).  Such 
a model  can  be  extremely  complex  and  can  require  large  amounts  of  computer 


memory  and  central  processor  time.  Tremendous  savings  can  be  realized  by 
simply  modeling  the  internal  logic  functioning  of  a device  by  a Boolean 
algebra  description  of  the  logic.  Computers  are  particularly  efficient 
at  handling  logic  operations.  Of  course,  it  is  necessary  to  translate 
voltages  and  currents  at  the  inputs  irto  logic  ones  and  zeros  for  inter- 
nal processing  and  1*  convert  them  bark  to  currents  and  voltages  at  the 
output. 

Because  a finite  amount  of  time  is  required  for  signals  to 
propagate  through  logic  elements,  logic  circuits  do  not  follow  the  laws 
of  Boolean  algebra  instantaneously.  Therefore,  simulations  should  include 
the  internal  delay  characteristics  of  a digital  c*rcuit,  This  ca.»  be 
done  through  the  use  of  electrical  elements  such  *s  RC  networks,  or 
through  the  use  of  special  logic  delay  elements.  Models  may  also  simu- 
late the  rise-  and  falltime  characteristics  of  a digital  circuit's  output 
terminals.  This  is  tiuail.  done  through  use  of  appropriate  electrical 
elements. 

Radiation  effects  can  be  included  in  the  simplified  models  by 
making  appropriate  modifications  to  the  electrical  model  based  on  exper- 
imental data.  Modifications  may  include  transient  or  permanent  changes 
in  logic  state,  variations  in  propagation  delay  and  output  sink  current 
capability,  and  transient  photocurrents  at  device  inputs.  Power  monitor- 
ing elements  can  also  be  included  at  the  device  terminals  to  monitor 
EMP-, induced  burnout. 

Boolean  algebra  is  net  easily  implemented  in  SPICE2  since  the 
code  does  not  allow  user-defined  equations  or  subroutines.  For  problems 
of  moderate  complexity,  SPICE2  can  still  be  used  by  making  extremely  sim- 
plified models  of  the  internal  logic  gates.  However,  for  more  complex 
problems,  a code  which  allows  a Boolean  processor  to  be  implemented 
through  methods  such  as  FORTkAN  subroutines  is  preferable.  SCEPTRE  and 
NET-2  are  especially  useful  for  logic  simulations  since  they  nut  only 
allow  user-defined  equations  and  subroutines,  but  they  also  incorporate 
logic  element?  as  models.  The  advanced  version  of  SCEPTRE,  called 
SCEPTRE/LOGIC,  Includes  a powerful  Boolean  processor.  Logic  networks  can 


be  descrioed  in  terms  similar  to  normal  SCEPTRE  network  descriptions. 

NtT-2  incorporates  logic  elements  among  its  system  element*:  and  can  also 
describe  logic  networks  ,-n  a fashion  similar  to  normal  electrical  networks 
2.  Technique*  for  Simplified  Modeling  of  Digital  Circuits 
a.  Terminal  Models 

Simplified  models  should  correctly  simulate  the  terminal 
current  and  voltage  characteristics  of  the  device  being  modeled  so  that 
the  simplified  model  may  be  used  with  other  elements  in  a circuit  anal- 
ysis code  to  predict  system  response.  Terminal  response  can  usually  be 
simulated  with  very  few  elements.  Of  course,  greater  sophistication  ca  ’ 
be  realized  by  including  more  elements  or  tv  jsing  more  complex  elements. 
However,  such  sophist. cation  increases  memory  and  central  processor  time 
requirements. 

The  task  of  parameterizing  terminal  models  can  usually  be 
performed  from  specification  sheets  which  typically  give  detailed  infor- 
mation about  the  terminal  characteristics  of  integrated  circuits.  Manu- 
facturing to! “i^ces  for  IC's  art  generally  better  controlled  than  those 
for  discrete  components,  so  it  is  often  acceptable  to  use  the  manufac- 
turer’s typical  or  worst  case  data  in  parameterizing  terminal  models. 

Reference  VI-1?  indicates  the  kind  of  detailed  information 
available  on  TTL  integrated  circuits.  Figure  VI-35  shows  a plot  of  the 
input  terminal  voltage-current  characterisitc  of  a typical  TTL  device. 
Superimposed  on  the  same  pint  is  a representation  of  a simplified  model 
(dashed  line)  which  cap  be  implemented  using  a voltage  controlled  current 
source  defined  through  a table  or  a subroutine.  It  has  a value  of  -1  mA 
for  terminal  voltages  below  1.75  volts  end  a value  of  40  pA  above  1.75 
volts.  Such  a model  will  generally  be  sufficiently  accurate  for  most 
applications.  If  such  input  curves  were  not  available,  they  could  be 
easily  measured  using  a curve  tracer  as  shown  in  figure  VI-36. 

Similar  techniques  can  be  used  to  model  t'>e  output  charac- 
teristics with  one  important  difference.  The  output  characteristics 
depend  on  the  logic  state  of  the  output,  which  in  turn  depends  on  the 
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figure  VI-35.  TTL  Input  Characterise* 


Figure  VJ-36.  fieasurpnent  of  Device  Input  Characteristics 


internal  logic  states  of  the  device.  This  generally  means  that  the  anal- 
yst must  provide  a means  to  switch  the  output  characteristics  as  the 
state  changes,  figure  VI-37  shows  the  output  characterist ics  of  a typ- 
ical 111  gate.  It  appears  that  the  one  state  output  characteristics  can 
be  modeled  easily  by  a Ihevenin  equivalent  circuit.  The  zero  state 
character',  vies  can  also  be  simulated  by  a Ihevenin  equivalent  circuit  up 
to  the  point  where  the  voltage  begins  to  rise  rapidly  (70  mA  in  figure 
VI- 37(b)). 

Depending  on  the  degree  of  accuracy  desired,  the  output 
characteristics  can  be  modeled  by  a switched  Thevenin  voltage  source  (one 
state  = 3.9  V,  zero  slate  = .09  V)  plus  a single  Thevenin  resistor,  a 
switched  resistor,  or  a voltage  confrolleu  current  source  to  simulate  a 
piecewise- 1 inear  resistor.  These  possibilities  are  shown  in  figure 
VI-38.  In  figure  VI-38(a),  the  f.ixed  resistor  was  chosen  to  simulate  the 
low  state  current  sink  capability  since  this  is  usually  more  important  in 
!1L  than  the  high  state  current  source  capability.  Both  the  high  and  low 
state  impedances  are  simulated  irt  the  model  of  figure  VI- 38 ( b ) . Note 
that  foi  both  of  these  simple  cases,  the  output  low  state  characteristic, 
are  only  valid  for  sink  currents  less  than  about  72  mA.  In  the  third 
case,  figure  Vl-38(c),  the  resistor  is  replaced  by  a voltage-controlled 
current  source  to  qet  away  from  problems  with  nonconstant  resistors:  , 

Note  that  for  the  ze»* o state,  the  output  current  is  limited  to  72  mA. 

If  output  curves  are  not  available  from  manufacturer's 
data,  they  may  be  obtained  using  a curve  tracer  as  shown  in  figure  VI-39. 
If.  actual  devices  are  not  available,  detailed  models  may  be  used  to 
predict  the  terminal  characteristics. 

Device  input  and  output  capacitances  are  generally  not 
modeled,  and  all  capacitive  effects  are  included  in  the  propagation  delay 
time.  However,  it  may  be  necessary  to  include  terminal  capacitance  to 
prevent  computational  delays  in  state-variable  codes  such  as  SCEPTRf.  A 
nominal  capacitance  value  of  a few  picofarads  will  generally  be  accep- 
table for  this  purpose.  The  effects  of  these  capacitors  should  be 
accounted  for  when  modeling  propagation  delay.  - 
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b.  Logic  Models 

■ ) Subroutines 

Since  the  internal  logic  functions  of  digital  inte- 
grated circuits  follow  the  rules  of  Boolean  algebra,  the  Boolean  functions 
of  computer  ianguagns  such  as  FORTRAN  can  be  used  in  subroutines  to  simu- 
late proper  logic  operations.  To  do  this,  a thresholding  function  is 
required  to  convert  input  currents  and  voltages  to  Boolean  variables. 

The  logic  function  is  then  simulated  and  the  Boolean  result  transformed 
back  into  currents  and  voltages  at  the  outputs. 

The  input  thresholding  can  be  accomplished  very, 
simply  in  the  subroutine  by  the  usO  of  conditional  statements.  For 
instance,  if  the  input  voltage  is  greater  then  1.75  volts,  a logic  vari- 
able might  be  set  to  the  one  state.  All  such  input  variables  thus  defined 
as  ones  or  zeros  can  be  processed  with  logical  operators  to  determine  the 
correct  output  states.  The  values  of  the  output  elements  can  be  determined 
once  the  proper  output  state  is  known.  Propagation  delay  effects  can  be 
modeled  by  the  use  of  RC  timing  elements  in  the  output  stage.  Variable 
delay  times  can  be  simulated  by  varying  the  values  of  the  RC  elements 
according  to  the  direction  of  the  transitions. 

Functions  such  as  flip-flops  and  edge  detectors  can 
be  simulated  in  the  subroutines  by  retaining  previous  values  of  parameters 
and  using  them  in  a new  subroutine  call.  Either  positive  or  negative 
edge  detection  can  be  accomplished  by  looking  for  increasing  cr  decreasing 
values  of  the  parameter  in  question.  A thresholding  function  usually 
must  be  included  along  with  edge  detection  to  prevent  false  triggering  on 
"glitches." 

Examples  later  in  the  chapter  help  illustrate  the 
rrocess  of  logic  modeling  using  subroutines. 

2)  Logic  Elements 

Writing  subroutines  for  logic  descriptions  of  large 
digital  networks  becomes  a difficult  and  error-prone  task.  Two  codes 
offer  a way  around  this  problem,  SCEPTRE  and  NET-2.  Both  of  the  codes 
allow  the  inclusion  of  logic  elemenvS  (gates,  flip-flops,  etc.)  in  a form 
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close  to  the  normal  electrical  network  model ing.  This  capability  allows 
tl-e  analyst  to  describe  the  electrical  and  logic  networks  in  the  most 
fami 1 iar  wa'\ 

The  concept  of  a combination  of  current  and  voltage 
modeling  and  Boolean  algebra  modeling  is  referred  to  as  composite  model- 
ing. Figure  VI-40  helps  illustrate  this  concept.  Two  models  are  actually 
shown  in  this  figure.  To  the  left  of  the  solid  line  is  a detailed  current- 
voltage  (I/V)  model  of  the  device's  input  protection  network.  It  is 
included  to  emphasize  that  the  composite  model  must  interface  with  normal 
i/V  models  and  circuit  elements.  To  the  right  of  the  solid  line  is  a 
composite  model  of  a portion  of  the  CD4051,  a CMOS  analog  multiplexer. 

The  first  element  of  the  composite  model  is  capacitor 

CA.  It  represents  the  gate  capacitance  of  the  input  MOS  devices.  The 

voltage  across  CA  represents  the  I/V  value  which  will  serve  as  the  input 

to  the  Boolean  simulation.  The  dashed  line  box  bounds  the  Boolean  model. 

The  dashed  connecting  line  from  CA  to  NOR  gate  NA  indicates  a thresholding 

operation  takes  place  there,  converting  from  I/V  space  to  Boolean  space. 

A radiation  input  also  crosses  the  boundary  into  Boolean  space  indicating 

that  a thresholding  operation  can  also  take  place  there.  For  example, 

g 

dose  rates  greater  than  1 x 10  rads  (Si)/sec  might  be  used  to  produce  a 
one  state  input  to  a given  gate. 

Once  the  thresholds  are  established,  the  Boolean 
processor  performs  the  operation  indicated  by  the  various  gates  and  delay 
elements.  The  results  at  tf ? output  are  transformed  back  into  currents 
and  voltage  through  a controlled  current  source.  In  this  case,  the 
output  is  a CMOS  transmission  gate.  The  current  value  is  controlled  by 
the  output  voltage  and  the  log'c  state.  For  a one  state,  the  output 
resistance  is  effectively  145  ohms  while  it  is  500  megohms  for  a zero 
state. 

Figure  VI-41  lists  the  types  of  logic  elements  avail- 
able in  SCEPTRE/LOGIC.  The  AND,  OR,  NAND,  and  NOR  elements  allow  multiple 
inputs  while  the  EXCLUSIVE  OR  allows  only  two  and  the  INVERTER  only  one. 
Any  Boolean  expression  (an  adder  for  example)  with  or  without  feedback 
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can  be  included  without  assembling  a collection  of  gates.  The  flip-flop 
element  is  a J-K  type  with  set  and  reset.  This  type  can  be  used  to  gene- 
rate any  other  flip-flop  type  with  appropriate  connections.  The  delay 
element  can  be  a delay  within  a given  time  step  to  assure  proper  sequenc- 
ing or  it  can  be  a gi • an  time  delay.  A delay  element  can  have  different 
delay  t’mes  for  positive  and  negative  transitions.  An  edge  detector  is 
includad  which  can  detect  either  positive  or  negative  edges.  The  logic 
transistor  allows  simulation  of  some  of  the  logic  functions  of  saturated 
transistors. 

The  logic  elements  of  NET-2,  part  of  the  system  ele- 
ments incorporated  into  that  code,  are  shown  in  figure  VI-42.  While  the 
list  is  not  as  extensive  as  that  for  SCEPTRE/LOGIC,  it  is  still  possible 
to  model  logic  networks  in  a straightforward  manner.  Time  delay  elements 
and  hysteresis  effects  are  allowed  for.  The  AND,  OR,  and  EOR  functions 
allow  multiple  inputs.  The  RST  FLIP-FLOP  can  accomplish  all  flip-flop 
functions  if  external  gating  is  used.  It  has  a built-in  edge  detector 
element. 
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Figure  VI-42.  Logic  elements  in  NET-2 

An  example  of  composite  modeling  is  presented  later 
in  this  chapter.  Example  5 in  chapter  VII  shows  how  composite  modeling 
can  be  used  tc  simulate  large  circuits.  , 
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c.  Radiation  Effects 

1 ) Neutron  and  Total  Dose  Effects 

The  effects  of  neutrons  and  total  ionizing  dose  are 
to  change  the  parameter  describing  the  input  and  output  characteristics 
and  the  propagation  delay  time.  These  effects  can  be  incorporated  by 
making  the  appropriate  parameter  changes  baoed  on  experimental  measurements. 
It  is  possible  to  simulate  complete  logic  failure  of  a node  internal  to 
the  device,  but  this  is  usually  of  little  interest  except  in  device 
failure  analysis. 

It  is  usually  most  important  to  simulate  the  loss  of 
output  current  sink  capability  and  the  changes  in  propagation  delay  time. 

2)  Dose  Rate  Effects 

The  effects  of  ionizing  dose  rate  can  be  simulated  by 
adding  the  appropriate  photocurrent  generators  to  the  input  and  output 
terminals  and  by  making  transient  logic  state  changes  internal  to  the 
device.  The  proper  values  of  photocurrent  and  the  proper  state  changes 
can  be  determined  experimentally. 

Terminal  photocurrents  must  be  simulated  accurately. 

A device  may  show  no  false  state  chanyes  when  tested  alone,  but  may  upset 
in  a circuit  where  terminal  photocurrents  can  interact  with  other  circuit 
elements  to  produce  unwanted  signals. 

3)  EMP  Effects 

The  effects  of  EMP  upset  are  simulated  by  the  normal 
electrical  model  of  the  device  The  effects  of  EMP- induced  burnout  can 
be  modeled  using  a modified  version  of  the  techniques  presented  in, chapter 
II. 

A power  monitoring  element  is  included  at  each  terminal 
to  be  studied.  This  element  does  not  affect  no-mal  electrical  operation. 

It  does  simulate  the  terminal  voltage  and  current  characteristics  when  it 
is  driven  into  breakdown.  As  shown  in  figure  VI-43,  this  operation  is 
characterized  by  a,  breakdown  voltage  and  a surge  resistance.  The  param- 
eters can  be  determined  experimentally  or  can  be  determined  from  the  data 
presented  in  reference  VI-9. 


The  power  required  to  fail  the  terminal  is  defined  by 
Pf  = At'8 

where  A and  8 are  experimentally  determined  coefficients  and  t is  the 
duration  of  the  overstress  pulse.  Values  for  A and  B and  the  breakdown 
voltage  and  surge  resistance  may  also  be  found  in  reference  Vt-9.  The 
actual  power  in  the  power  monitoring  element  is  compared  *o  *he  failure 
power.  A message  ij  printed  if  the  actual  power  exceeds  the  f .i  • ;m, 
power. 

3.  Example  Digital  Simplified  Models 
a.  RSNd4L00 

A simplified  model  of  this  low  power  TTL  NANO  gate  »;'l  be 
developed  in  SCEPTRt  using  a subroutine  to  define  the  fund ional  op>r  v 
tion.  The  techniques  used  here  are  specific  to  SCFdTRE  but  can  b*>  a.:j  >trd 
to  any  circuit  analysis  code  which  allows  the  use  of  subroutines. 

The  manufacturer  data  sheet  for  the  RSN54L0Q  is  shown  in 
figure  VI-44.  Oata  were  taken  from  this  sheet  and  from  reference  VI -11 
in  parameterizing  the  simplified  model.  The  topology  of  the  simplified 
model  is  shown  in  figure  VI-45.  Since  the  maximum  input  current  is  only 
0.  18  mA,  the  input  curret.t  will  not  be  modeled.  Current  sources  JA  and 
,*3  will  have  a zero  value  and  will  serve  to  measure  the  input  voltaqes. 

.Jf 'the-  input  must  be  modeled,  values  for  JA  and  JB  can  be  specified  in 
tables. 

The  second  stage  defines  the  logic  state  of  the  output 
based  on  the  voitages  sens’d  across  JA  and  JB.  The  logic  state  is  set 
through  El  which  is  defined  by  the  following  logical  statements. 

Jr*  VJA  and  VJ8  < 0.8V 

THEN  £ 1 = 3.1V 

IF  VJA  or  VJB  > O.eV 

THEN  FI  = 0.3V 
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M.jure  VI-44.  HSIIS4100  Manufacturer  Specification  sheet  (ref.  VI-13) 
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figure  VI-44.  RSH54LOO  .tonufacturer  Specification  Sheet  (Concluded) 
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The  delay  stage  is  composed  of  El,  Rl,  and  Cl.  The  time 
constant  R1C1  determines  the  propagation  delay  of  a state  change  through 
the  IC.  In  this  model,  the  time  constant  is  conditionally  altered  by  a 
subroutine  to  satisfy  he Lh  the  low-to-high  propagation  delay  and  the 
high- to- low  propagation  delay. 

The  output  characteristics  are  modeled  by  the  last  stage 
composed  of  E 2 R2,  and  JO.  E2  is  a dependent  voltage  source  equal  to 
the  voltage  across  capacitor  Cl.  Doing  this  eliminates  any  loading  of 
the  propagation  delay  stage.  R2  is  chosen  to  approximate  the  low  state 
output  impedance  characteristics  of  the  gate. 

The  RSNT4L00  model  was  tested  using  the  circuit  of  figure 
VI-46.  The  purpose  of  the  circuitry  connected  to  the  output  of  the  gate 
is  to  simulate  the  loading  and  fan-out  effects  of  other  TTL  circuitry 
driven  by  the  gate 


The  SCEPTRE  test  circuit,  as  input  to  SCEPTRE,  is  presented 
in  figure  VI-47.  Proper  logic  operation  is  establishes  by  the  subroutine 
FN2.  Subroutine  FCAP1  selects  the  proper  value  of  capacitor  Cl  to  model 
the  propagation  delay  time  for  either  a high-to-low  or  low-to-high  transi- 
tion. The  input  signal  voltage  has  a waveform  which  is  demonstrated  in 
figure  VI-48.  The  output  of  the  NAND  gate  in  resprnse  to  the  input 
voltage  is  given  in  figure  VI-49.  This  test  yields  the  truth  table: 

Input  A Input  B Output 

Oil 
1 1 0 

which  is  consistent  with  the  NAND  truth  table: 

Input  A Input  B Output 

0 1 1 

11  0 
n 0 1 

1 0 1 

Propagation  delay  time,  low-to-high  level  output,  is 
defined  as  that  time  from  when  the  input  signal  drops  to  1.5  volts  to  the 
time  when  the  gate  output  rises  to  1.5  volts.  This  time  can  be  determined 
to  be  20  ns  from  the  simulation  runs.  This  time  is  less  then  the  maximum 
propagation  delay  time  found  in  specification  sheets  (60  ns)  and  compares 
favorably  to  observed  propagation  delay  times. 

Propagation  delay  time,  nigh-to-low  level  output,  is 
defined  as  the  time  interval  from  when  the  input  voltage  rises  to  1.5 
volts  to  the  time  when  the  output  voltage  falls  to  1.5  volts.  Simulation 
produce,  a propagation  delay  time  of  50  ns,  Which  is  under  the  specifica- 
tion sheet  maximum  of  60  ns. 
b.  CP4051 

The  power  of  composite  modeling  will  be  illustrated  by 
modeling  a C04051  CMOS  analog  multiplexer  using  SCEPTRE/LOGIC.  The 
C04051  is  predominantly  a digital  circuit  which  has  analog  outputs.  A 
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SCt  P T RE  NfcI»)RK  SIMULATION  PROjRAN 
AIR  FORCE  mEAPONS  .AiORAlORY  - *AF3  NM 
VERSION  COC  A.5.J  */?{» 

li/16/77  lO.A3.il. 


fOR  a LIST ING  OF  USE  1 FEATURES  UNDUE  TO  TmIS  VERSION  OF  SCEPTRE 
SUPPLY  A CARO  CONTAINING  THE  VQfiD  "DOCUMENT"  as  the  first  CARO 
DF  THf  INPUT  TEXT 


COMPUTER  TIME  ENTERING  SETUP  PHASE  - 
CPA  • 33S  SEC. 

pp  0.300  SEC. 

10  0.300  SiC. 


SUBPROGRAM 

UJA3  e INPUT  NANO  GATE  .EVtL  St.ECT 
C FOR  USE  • I T ;l  Z INPJT  NANO  l.ATF 

function  f n^ia.b.c.j.e.f i 

C A«VJA  B«"JM  C*  3 . 8 

C D»J.l  E * I . 0 r«3.3 

IF (A.LE.C.3R.8.1 E.CIGO  TO  A 
IF IA.GF.E .AN). 3.GE.EIG0  TO  S 
F N?»0” AM  I Nl (At  U 
RETURN 
A FN?»0 
RETURN 
5 F N<?»F 
RF TURN 
END 

2 OI3IU..  1C  CAPACITOR  SELECT  , 

FUNCTION  FC*>1 | A.H«C*0> 

C TO  ESTABLISH  CAPACITOR  VALUE  OF  3I3IIAL  IC 
FCAPlaC 

IF  ( A.fcE  .HI  *CAP|  «0 
RETURN 
l NO 

M03EL  DESCRIPTION 
MOOEL  L0O(A-B»OUT-3N3) 
i INPUT  NANO  GATE 
4 « INPUT  A 
N » INPUT  R 

elements 

UAtA-GNOaO. 

JH»H-GNO*0. 

JO»OUT«GNP»0 . 

Vl •GNOtI»Oa <YJA*VU3.3.Hi3.t.l.9,0.T) 

. Ml •!•?»! 00. 


Mgure  VI-47.  RSN54L00  SCEPTRE  Tost  Circuit 
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Ci*2-.GN0*02  <£  1 .£2*  »54.E~  12.300  *€-124 
E2»  6N0-3*X1 (VC1) 

R2.3-OUT»30. 

FUNCTIONS 

J2(A»R»C«D)*(FCA31 (A; B.C.D)  ) 
04<A.B.C.O.EtF)«<FN2(A.B.C.D.E.F> > 

OUTPUTS 

V JA  (AIN)  .VjB (BIN) »VJO< OUTPUT)  »Pt_OT 

CIRCUIT  DESCRIPTION 

ELEMENTS 

NA.IN-1-2-GND*MOOEl  .00 

42.2- 3*4300. 

~2»2-3*2.6E-12 

43.3- GNO*7SO. 

C3.3-GNO*15.E-12 
ESIG.GNO-EIN*TABw£  1 (TIMET 
41.EIN-IN*50. 

E1.GND-1*2.4 

C JO. 4-2*1 - 1 2 

JO .4-2*0! ODE  E0U4TI0N.I2.6BE-14.33.2B> 

44.4- 5*800. 

45*4-5*1. 

E2»GN0-6*2.4  . 

conct ions 
table  i 

0»3*3.3E-7.3»3.7E-7»3.5*7.4E*7*0.5*7.5£-'7»3*8.E*7»3 
RUN  CONTROLS 
STOP  TINE  * 999. E-i 
MAXIMUM  PRINT  POINTS*  100 
MINIMUM  STEP  SIZE  * 1.E-IB 
OUTPUTS 
ESIP.PLOT 
£*>’• 


THE  TERM  VR1  21. L CAUSE  A COMPUTATIONAL  OELAT. 


SYSTEM  l*n*  ENTERING  SIMULATION 


COMPUTER  TIME  AT  TERMINATION  OF  SETUP  PHASE- 


CPA 

2.324  SEC. 

PP 

0.900  SEC. 

10 

0.900  SEC. 

Figure  VI-47. 

RSN54LQ0  SCEPTRF  Test  Circuit  (Concluded) 

Figure  VI-4G.  Input  Voltage  ..V/eforn 


data  sheet  is  given  in  figure  VI-50.  Additional  information  was  obtained 
through  other  data  sheets  and  through  visual  inspection  of  an  opened 
device.  A complete  description  of  the  modeling  of  this,  device  is  given 
in  reference  VI-5. 

Figures  VI-51  and  VI-52  give  the  circuit  diagram  and 
SCEPTRE  listing  of  the  CD4051  composite  model.  The  particular  listing 
given  is  from  an  EMP  demonstration  run,  but  it  is  essentially  the  same  as 
the  listings  of  the  model  and  circuit  description  for  electrical  and 
photocurrent  demonstrations  The  only  differences  lie  in  the  specifica- 
tion of  the  input  voltage  generators  (EA,  EB,  EC,  and  El)  and  in  the 
circuit  description  and  the  specification  of  a dose  rate  for  the  PGD 
defined  parameter  in  the  model. 

In  general,  the  model  is  a straightforward  application  of 
the  composite  modeling  concepts  to  the  circuit  topology  of  the  CD4051. 

The  decoding  network  is  included  in  the  10G1C  model  FC0051  which  is 
called  into  the  SCEPTRE  model  via  the  equation  Q1J.  The  elements  in  the 
FCD051  represent  a one-for-one  substitution  of  logical  elements  for  the 
functional  blocks  found  in  the  CD4051  decoding  network.  The  values  for 
the  delay  elements  were  based  on  estimates  of  propagation  delay  of  similar 
CMOS  gates  and  on  the  results  of  detailed  modeling  of  CMOS  circuits. 

The  output  of  FCD051  is  used  to  control  the  current  sources 
JTO  through  JT7.  These  current  sources  are  essentially  variable  resistors 
which  have  been  modeled  as  current  sources  due  to  SCEPTRE’S  aversion  to 
nonconstant  resistance.  JTO  is  ecuivalent  to  the  transmission  gate 
impedance  connecting  the  common  in/out  terminal  (node  CO)  with  the  channel 
0 terminal  (node  00).  A constant  value  of  transmission  gate  impedance 
has  been  chosen  for  the  "channel  on"  state.  Actually,  the  impedance 
varies  as  a function  of  current  and  of  total  dose.  To  model  the  variation 
in  impedance,  JTO  could  be  modeled  with  an  1/V  table.  However,  the 
nonconstant  impedance  was  not  a significant  factor  in  either  theoretical 
or  experimental  efforts  for  which  this  model  was  developed.  Consequently, 
the  simpler,  constant  impedance  formulation  was  used. 
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B DIGITAL  INTKORATfO  CIRCUIT*  . 
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Figure  VI-50.  CD4051  flanufacturer  Specification  Sheet  (ref.  VI-14) 
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FUNCTION  F BURN  I AO.  T t Mr  .PAVE  .°r»  1 1 . 1 tVi  tr  .*.81 
this  subrojtin-.  monitors  poaEr  im  a junction  and  fea6S  rATiuRt. 

IS  P«#|N|p  NT  P«AT»»l-m  USING  AVERAGE  POuER. 

PAVE  --  AVEUA.t  BOvE*1.  PfAIt  * FAIL ORE  POaER.  FBURN  • PAVE/PFAIE. 

I.V.A.R  ShO.il  ) ALL  HfrCfl  10  JUNCTION  VALUES  OP  OV*  BALL  VA.UE.S- 
l./.A.H  HAT  H MB  10  t ITlltP  FQB««40  OB  REVERSE  POLARITIES. 

V*  VOL  TAC.i  , | » CuBBf  N' 

A.H  ABE  CONSTANTS  In  TMc  FAlLUBE  po«er  verses  IIBE  RELATIONSHIP.  CPHSIEHP 
BfAL  1 CONSIEHP 

C AD  IS  INI«CCB  IOENUFtING  JUNCTION  AND  POLAR!!!  TO  3E  EVALUATED. 

0 i n(  NS  I ON  OL DP  1 20  I .OlOT  1201  .DlOE  (201  .01  Of  1201 
MATMOr  * 2 0 

C To  t K ,B|  ASE  NUMBER  Of  BURNOUT  HOOf.S  AVAILABLE  • 

C INCREASE  All  DIMENSIONS  A NO  «ll>w  tauALLT. 

C 1 H ; s BOOtl  AS,.  :(S  P*AT»»|-"I  FOB  0 . .L  I . I - T E . L T . TNA*  CUMSIEBP 

T“A*  * SOO.E-* 

P s l*V 

C »R  IS  THE  RATIO  OF  AVF  (AOF  POBEB/FAIU'EB  POuER  DEFINED  AS  r AILUBE 

FR  « I. 

lo'  » :s*  i adi 

|F i i lu.Gl .MAIN  si.OR.IIO.il.  Ill  GO  TO  10 

IF  ( T ;h(  .Lf  . TE  ) 00  TO  20  , 

IF  |T|NE  .1  T.OlDI  I IDF  > 00  TO  TO 

IF ( I |N* ,0T . IMAAF  00  TO  20 
C TRANSIINT  HAS  sIamTED  ANO 

C PL’.NF  Al  TIN;  « OlOT  «A<  AClEPTFj  ST  f BBO  * l»TTtR|A. 

oi”*uoi  » olo\  t io*  « ip  •>  ltpi io» »•( i iHr-jioTuoi »/?. 

p,i  vE  * 01  DE  I 10  > ' 1 T INI  -HI 

(VAIL  * *•  I AMAH  I I 1NE -IE  ,0.  I ••l-BI  I COBS  l EBP 

F ft  .1)1!  , P L VE  /P'A  It 

IF  lOlM  I in.&T.MH  00  To  S 

IF  IFB0BN.3T.FK>  PRINT  1 00  • I 0.  I | BE  .PAVE  t PF  * 1 1 

01  0*  I 101  » FBURN 
S CON  INl'E 

Oi'.lPlIOF  » |»S  1 
I’U'TlIOF  • T | BE 
BE  TU«N 

C P.WNOl'I  BOOEl  TOE  Ml  IF  ICR  OUT  OF  RANGE 

ie  pave  * o. 

p*  ail  » e.  1 

FRiIBN  «0. 

“B|BT  coo. 10 

FT i "'"N 

C iu.v.,|  NT  "AS  SOT  S I AO  If  0. 

C LIU  II'*  LAClSL'S  VALID  I N 1 1 HV  *E  F OR.  P -K.  SON!  1 1 1 . 

20  01  l ‘M  IDF  * 0. 
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FUNCTION  FSEVU.  TP.  V-AX.  VMlN.  TBS.  TRM.tFS.TFM) 

TN  --  T/TP 

5 if  (TN.lT.1.0)  go  to  is 
TN  > T»  • 1. 

GO  TO  S 

13  IF  t I TN.LE.TRMt .AND. (TN.GT.TRS1 1 GO  TO  20 
IF  ( lTN.LT.TFMt.ANO. (TN.GE.TFSl)  GO  TO  30 
FGEN  * VHIN 

IF  ((TN.LT.TFSI.ANO.(.N.GT.TRM|l  FGFN  * VNAX 

return 

20  f GCH  3 VHIN  « (VMAX-VM1N1*(TN-TRSI/(TRM-TRS1 
RE  TURN 

30  FGEN  = VHAX  - (VMAX-VM!NI»(TM-TFS1/(TFM-TFS1 

BE  TU'tN 

END 
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MOOEL  CD43S»  COMPOSITE (A-B-C-I-VO-VS-VE-CO-00-01-02-03-04-OS-06-OTI 

element 


CP.  VO 

-VE 

ISO.E-12 

RP.VO 

-VE 

6.6TE4 

OP. VO 

-VE 

TaBlE  VP'VjPI 

CA.A 

-VS 

.4S6£-|2 

C0«S1 

RA.A 

-VS 

I.EI2 

C0MS1 

JA.A 

-VS 

table  vnvjAt 

COMSI 

JPA.VS 

-A 

0 jP iPCD<2.aiE-5<PXl»PX2> 

COMSUPP 

C3.B 

-VS 

.46EE-12 

CO-SI 

PH. a ' 

-VS 

I.E12 

COMSI 

oa. a 

-VS 

Table  vmvj2> 

C0MS1 

JP3.VS 

tT 

0 JP (PG0.2.8IE-S.PX1 .PX2> 

C0M51IPP 

cc.c 

-VS 

•466E-I* 

comsi 

RC.C 

-vs 

! .£  12 

COM4  J 

j:.c 

-VS 

table  vi  ivjci 

CCMSl 

JPC.VS 

-c 

0 jP(PGC.2.SIE-S.PXI.PX2t 

C0MS1IPP 

Cl. I 

-vs 

.4643-12 

CO  .5 1 

Rt.I 

-vs 

I.E12 

COMal 

jt.i 

-VS 

TAELE  Vt(VJI) 

C0MS1 

JPI.VS 

-I 

0 JPIFG0.2.PIE-5.FXI.PX2I 

C0V5’ 1PP 

CIO. CO 

-VE 

3S.IE-12 

CC'MSl 

RIO. CO 

-VE 

l.El? 

COMSI 

co  .00 

-«E 

S.32C-12 

COMSJ 

RO  .00 

-VE 

I.f'2 

CClM,l 

JTO.OO 

-CO 

0 IJTVCIO.VCO.1 ..VCA.VC3.VCC.VCI.6.SI 

COMSI 

JO  .00 

-VE 

table  votvoot 

C0M51 

JPO.VE 

-OC 

OTR(PPO,vC0.O..IS.E3,12O..O.I 

COMSI IPP 

Cl  .01 

-VE 

5.32F-12 

COMSI 

R1  .01 

-VE 

1.02 

COMSI 

JTI.31 

-CO 
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COMSI 

Jl  .31 

-VC 

table  vntvjit 

COMSI 

JPI.VE 

-01 

0 TR(PP0*vCl.d.*lS.E3.120..0.1 

COMSI IPP 

C2  .02 

-VE 

S.32E-12 

COMSI 
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-VE 
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-CO 
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-VE 
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-02 
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-VE 
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Figure  VI-52.  CD4051  Composite  Model  Listing  (Continued) 
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*0 

,50 

-04 

-09  -oc 

00 
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-00 
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oc 

-41 

51 

• 01 

- 049 
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01 

• 01 

-01 

• <«9,5t 

-0.51 

ot 

-91 

Hf 

• 0? 

-04 

-P00-OC 
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•N> 
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-9,51 

.or 

*91 

01 

• 0} 

•040 

-OHO  OC 

01 

• 01 

•VI 

• 194. 5f 
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01- 

91 

04 

,04 

-04 

-01*  -Cv9 

04 

• 04 

-54 

• | H9  « 5f 

-0,4.1, 

01 

91 

0* 

• 05 

-040 
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-05 
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04 
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05 
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tostc  inputs 

*'-«  A.Gt.vT 
8.=  B.GT.vT 

cu*  c.gt.vt 
*-»  I.GT.VT 
EOGJC  JuTPufs 

oa  . 500.16, l«s. 

01  * 500.f6.US. 

0?  * S00.C6.US. 

03  * S0o.f6.us. 

0*  * 500. 16. us. 
os  « S00.fs,i*s. 

os  « 500. f 6. 1*5. 
cr  * SOv  .f6.US. 

CtPCUII  DESCRIPTION 

ELECTRICAL  CpuiSf  L Ovf  i»i TRf  | *£/0£*ut  TpL  E *£N  COMPOSITE  NODE! 

ELEMENTS 

ED.OSD-fo  « J0> 

NO.fO  -VO  * SO. 

, fo.oao-c*  • jo. 

EMP.Ea  -66  * PfNP 
<U.»*  - a • so. 

EJ.GMO-  BJ>  o, 

NS.bfl  - b * so, 

EC.ONC-1  CC*  0. 

»C.CC  c * 50. 

£ 1 .GfiO-  IU  o. 

•*•**  - : * so. 

, EC jo.r.oo- jo  » i.f 

PIO.IO-CIO»  so. 

HODfi.ao4;^0co^os"?£CtQ'00'0l'0*-Q3*0*'OS-06-07» 
CO. JO  -GH3*  lOO.f-J? 

<-0.00  -GPS*  ?.f3 
CJ.01  -GP3*  JOO.f-12 
•I'OI  -GP0*  £,(] 

Ci.Of  -GN3*  JOO.f-l? 
p«no?  -gpo*  e.fjE 

C3.0J  -G»0*  100. F-j? 

P3*03  -GBO*  j,{  j 

C«,o*  -3«J*  100. £-|?  4 

««.0*  -G83*  ?.£J 

£5'°f  -w*  loo.t-ie 
PS. os  -GOD*  I.C3 
C& • 06  -GOD*  J04.f»JP 
06,06  -313*  !.(3 

cl’°*  *003*  100. £-U 
PE. Of  -uP3=  ?.£j 
OtriNCO  PAPA*tT£*j 

FUNCTIONS  * ***' 

« p -loiifr  r*fr«ri0**  •is*6’4”  »*.o. 

f“"  - * — . is&%u'rJh,n.. 

INITIAL  CONOIT>ONs',r'*’**’ 

VCPXN  * JO. 

VCAXN  * 10. 

VCJOAH*  ?.5 
VC1  • ?,*« 
you**  g.ea 
outputs 

, vcjun.pggt 

IP6.Pl.0T 
PUN  CONTROLS 

TERMINATE  If  <PUMN.GT.UI 
TERMINATE  If (PUBAM.GT.J.J 

IVoFuir.  IT.H?  a tMPL,clT 


coHnu-o 
COHS1P=0 
CO-Sl»=0 
CCMSlH  0 
C0«S1P=0 

consiw-o 

CO»SlHiO 

COMS1H=0 


CONSIST* 

COnSIEnp 


fOVSl 
CO-52 
com  si 
COMSJ 
CONS  2 
CONS  1 
COM-,  l 
CONSI 
CONS  2 
CONSI 
COM'  1 

CONSI 

CO-S1 


CONS  2 
CONS! 
-ONS.1 
CCnS  2 
COMSJ 

cons  2 

con  52 

CONSI 

consi 

CON51 

CONS  2 

CO-SI 

CONSI 

rONsi 

CONSI 

CONS  2 
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Two  important  techniques  are  demonstrated  in  the  I/V  por- 
tion of  the  composite  model.  They  deal  with  the  implementation  of  the 
EMP  burnout  model  and  the  photoresponse  model.  Predictions  could  be  made 
of  the  EMP  failure  thresholds  for  input,  output,  and  power  supply  terminal 
based  on  relatively  complex  models  of  the  PN  junctions  and  MOS  devices 
connected  to  each  of  the  terminals.  Such  models  are  too  complex  to  be 
consistent  with  the  composite  modeling  concept  which  stresses  a limited 
number  of  elements  and  simpler  functional  forms.  Also,  the  goal  of  the 
composite  model  is  to  simulate  terminal  performance  rather  then  to  predict 
failure  characteristics.  To  simplify  the  modeling  of  EMP  effects,  an 
empirical  model  can  be  constructed  directly  from  experimental  test  dcta 
using  techniques  discussed  earlier  in  this  chapter. 

The  correct  current  and  voltage  response  of  the  terminals 
in  breakdown  can  be  simulated  using  a diode  table  as  shown  in  figure 
VI-43.  When  t*e  element  described  by  the  diode  table  is  pulsed  with  an 
EMP  signal,  it  will  exhibit  the  proper  terminal  I/V  characteristics  and, 
hence,  the  proper  terminal  power.  The  terminal  powe:  can  then  be  used  in 
a modified  FBURN  subroutine  to  indicate  the  terminal  failure  threshold. 

The  modification  to  the  FBURN  subroutine  involves  replacing  the  functional 
form 

P = Kt',/2 

with  the  form 

P * At'8  . ' • 

The  required  charge  is  shown  in  the  listing  of  FBURN  in  figure  VI-52. 

The  elements  JA,  JB,  JC,  and  .11  represent  the  EMP  diode  elements  for  the 
CD4051  inputs.  The  elements  JO  through  J7  represent  the  diode  elements 
for  the  output. 


Both  experimental  and  detailed  analyses  show  that  the 
photoresponse  of  CMOS  multiplexer  outputs  can  be  significantly  influenced 
by  the  secondary  photocurrent  produced  by  the  parasitic  NPN  transistor 
associated  with  the  NMOS  device  in  the  transmission  gate.  The  detailed 
models  successfully  predict  this  influence  but  require  an  Cbers-Moll 
model  of  the  parasitic  transistor.  Such  a procedure  is  not  consistent 
with  the  composite  model  goals.  However,  reexamination  of  the  problem 
indicates  a method  for  including  the  secondary  photocurrent  effects 
without  a complete  parasitic  transistor  model. 

Consider  the  diagram  of  the  parasitic  transistor  in  figure 
VI-53.  The  secondary  photocurrent  will  not  be  produced  until  the  voltage 
drop  in  the  bulk  resistance,  R,  exceeds  the  reverse  bias  across  the 
emitter  base  junction  plus  the  0.6V  turn-on  threshold.  Therefore,  the 
minimum  amount  of  photocurrent  which  must  flow  before  the  secondary 
photocurrent  is  generated  is: 

V + V + 0.6 

T s 2 

XPP  R 

where  ^P*  V>  V R are  defined  in  figure  VI-53.  The  amount  of  secondary 
photocurrent  can  be  calculated  from  the  expression 

/ V + V + 0.6  \ 

*SP  = *PP  "(  R / P 

where: 

I^p  = secondary  photocurrent 
0 = common  emitter  current  gain 

If  there  is  not  enough  primary  photocurrent  to  produce  a secondary  photo- 
current, the  I^p  equation  must  be  limited  to  zero  and  provision  made  for 
the  primary  photocurrent  or  a fraction  thereof  to  flow  out  of  the  termi- 
nal. Equation  QTR  in  the  SCEPTRE  model  listing  implements  the  technique 


described  above.  The  procedure  provides  a means  for  automatically  reflect- 
ing the  influence  of  secondary  photocurrent  over  a wide  range  of  dose 
rates  without  unnecessary  elements. 


-V 


Figure  VI-53.  Parasitic  Transistor  Schematic  for  Simplified 
Secondary  Photocurrent  Model  Development 

The  results  of  exercising  the  composite  model  of  the 
CD4051  are  shown  in  figures  VI-54  through  VI-56.  Figure  VI-54  shows  the 
results  of  cycling  through  the  multiplexer  channels  (channels  0,  4,  and  7 
are  shown)  and  demonstrates  the  electrical  operation  of  the  model.  The 
output  of  channel  7 is  terminated  by  an  inhibit  signal.  Note  the  glitches 
occurring  on  channel  7 as  other  channels  are  selected.  These  are  the 
result  of  propagation  delay  variations  in  the  circuitry..  They  are  also 
observable  in  electrical  measurements  on  the  CD4051.  Figures  VI-55  and 
VI-56  show  the  output  photoresponse  simulations  for  low  and  high  state 
outputs,  respectively.  They  demonstrate  the  utility  of  the  secondary 

photocurrent  modal  developed  above.  — 

Further  examples  of  the  application  of  composite  modeling 
are  given  in  example  5 of  chapter  VII. 
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CHAPTER  VII 
EXAMPLES 


A.  ILLUSTRATION  CF  THE  EFFECTS  OF  NEUTRON  DEGRADATION,  DOSE  RATE 

INDUCED  UPSET,  AND  LMP  INDUCED  BURNOUT  Of.  DISCRETE  AND  INTEGRATED 
LOGIC  CIRCUIT., 


This  example  is  a study  of  the  interface  latch  circuit  shown  in 
figure  VII-!.  This  :ircuit  is  representative  of  a number  of  circuits 
commonly  seen  in  S/V  (scrvivabi 1 ity/vulnersbi . ity)  analysis.  The  inter- 
face latch  circuit  interfaces,  iO-volt  lope  signals  into  signals  compat- 
ible with  low  power  TTL  logic. 

The  mode)  interface  iatch  circuit  is  a ombination  of  a basic  tran- 
sistor model  and  a simplified  digital  logic  model.  Both  of  these  models 
were  demonstrated  as  examples  in  this  handbook. 

The  first  example  run  was  intended  to  verify  the  electrical , behavior 
of  the  latch.  The  signal  sequence  used  to  test  the  behavior  of  toe  latch 
is  shown  in  figure  VII-2.  The  desired  behavior  of  the  'OUT"  node  was, 
observed.  Figure  VI I -3  is  the  listing  and  output  fo**  this  run. 

What  is  the  radiation  response  of  this  circuit?  Computer  simu- 
lations will  give  much  insight  into  this  problem.  Before  s iiauTations  are 
to  be  made,  the  analyst  must  decide  what  possibilities  are  important  and 
what  effects  need  to  be  considered.' 

For  the  latch  circuit,  an  electromagnetic  pulse  may  travel  from  any 
external  pin  to  the  circuit  and  produce  failure:  The  analyst  must  decide 
which  pins  are  to  be  analyzed  as  potential  hazards. 

Ionizing  radiation  will  a, feet  the  two  TTL  gates  and  produce  a 
primary  photocurrent  in  the  2N2222A.  The  analyst  must  fust  decide  if 
upset  is  a possibility  and  which  components  neec  be  considered  as  upset 
possibilities. 

Neutron  radiation  will  degrade  the  performance  of  the  semiconductor 
components.  Again,  the  analyst  must  decide  what,  effects  need  to  be 


Figure  VI 1-1.  Interface  Latch  Circuit 
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Figure  VI 1-2.  Timing  Sequence  of  Model  Voltage  Signals 
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Figure  VI 1-3.  Computer  Verification  of  Interface  Latch  Flectrical 
Behavior 
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Figure  Vll-3.  Computer  Verification  of  Interface  Latch  Electrical 
Behavior  (Continued)  I 
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ELEMENTS 
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JE. 2-3=01 < JCC.O. RM367) 

CC*1-2=1.E-12 
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FUNCTIONS 
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ESIG.0-1=TaBLE  1 (TlMi) 
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DEFINED  PARAMETERS 
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JF  =0 

PIR=Xl(-JH) 

=VR=X2(-Vjy> 

PTE  = 0.0 
3K  = 0 • 0u2 1 6 
30=0. 689 
FUNCTIONS 

table  i 

0*0*4. E-3*0*4.1£-3*l 3*6. E-3* 10*6* 1 E-3* 0* 1 • E-2* 0 
T ABLE  2 
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OUTPUTS 
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Flgure  VI i -3 . 


Computer  Verification  of  Interface  Latch  Electrical 
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simulated,  whether  a simulation  is  even  required,  and  which  components 
are  affected  in  the  simulation. 

What  will  happen  to  the  latch  when  exposed  to  a neutron  fluence  of  1 
14  2 

x 10  n/cm  ? This  question  may  be  answered  by  a computer  simulation. 

The  major  damaging  effect  to  the  2N2222A  transistor  will  be  a degradation 
in  the  current  gain.  An  estimation  of  the  amount  of  degradation  can  be 
made  from  the  preirradiation  gain  and  f-j.  of  the  model  transistor  as: 


\ f>0  ^ 


1 _ 1 

^ -555 


1 x 10 
'KTffl'zT 


14 


2 


\ = 9-34 


The  next  question  is  how  to  model  damage  to  the  TTL  gates?  TTL  is 
considered  safe  from  failure  at  and  below  10  * n/cm4.  Therefore,  behavipr 
modifications  to  the  TTL  models  are  not  necessary. 

The  simulation  can  now  be  made.  The. computer  listing  is  identical 
except  for  the  modified  alpha  of  the  2N2222A.  The  results  of  this  simu- 
lation predict  that  the  voltage  at  node  OUT  will  become  locked  in  the 
high  state.  The  voltage  across  the  collector  resistor  of  the  2N2222A 

to  change  by  slightly  over  2 volts  which  is  not  suffi- 
change  in  a logic  state  as  4.2  volts  would  be  required, 
put  for  this  simulation  is  given  in  figure  VII-4. 

What  if  the  primary  upset  mechanism  was  from  gamma  radiation  at  a 
dose  rate  level  of  1 x 10  rad  (Si >/sec?  A solution  of  Notthoff's  equations 
using  only  data  sneet  parameters  will  produce  a predicted  value  of  peak 
photocurrent  for  the  transistor.  Again,  TTL  remains  unaffected  at  this 
level  of  radiation  intensity. 

A solution  of  Notthoff's  equations  yields: 


(VR2)  was  observed 
cient  to  produce  a 
The  listing  and  ou 
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RETURN 
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figure  VII-4.  Interface  latch  Behavior  Following  Neutron  Exposure  (Continued) 


I (mA)  = 108  (0.3  GHz)"2/5  (75  V)(8  pF  10  V1/3  +1.08) 
(21.6  + 51/3)(3.24  x 10'13) 

I = 1.68  mA 

PP 


Note:  The  data  sheet  value  of  = 300  MHz  was  used  instead  of  the 
measured  value  of  = 155  MHz.  The  ionizing  waveform  was  chosen  to  be 
triangular,  risinq  to  the  peak  value  in  20  ns  and  falling  i.i  70  ns. 

The  latch  reset  line  voltage  (ERST)  wa?  set  high  to  allow  the  obser- 
vation of  a false  triggering  of  the  latch  due  to  photocurrents.  The’ 
photocurrent  generator  (JPP)  was  then  placed  between  the  collector  and 
base  of  the  transistor  and  a simulation  run  made.  Observation  of  the 
voltage  across  the  collector  resistor  (VR2)  indicates  that  the  photo- 
current saturated  the  2N2222A  producing  an  erroneous  logic  state.  The 
final  result  was  a false  latching  of  the  output  (VJ0UT).  Figure  VII-5  is 
the  computer  run  for  this  example. 

A nuclear  burst  also  produces  a powerful  electromagnetic  pulse  which 
may  be  coupled  to  a circuit  and  then  produce  a burnout  failure.  The 
latch  reset  line  (ERST)  is  to  be  analyzed  for  hardness  to  electrical 
o.erstress. 

The  overstress  waveform  for  this  example  is  the  double  exponential 
described  in  chapter  II.B.8  in  the  photocurrent  section.  The  parameters 
describing  this  waveform  are: 


Vpeak 

*01 

t02 

tR 

tF 


(Ipp)  = 100  voUs 
= 0 

= 1 x 10’7  seconds 
= 5 x 10  7 seconds 
= 1 x lO-6  seconds 


The  waveform  which  is  described  by  these  constants  is  generated  in  the 
computer  output  of  figure  VI 1-6  as  EP. 
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Figure  VI 1-5.  Computer  Run  for  Ionizing  Environment  Simulation 
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Figure  VI 1-5.  Computer  Run  for  Ionizing  Environment  Simulation  (Continued) 


Figure  VI 1-5.  Computer  Run  for  Ionizing  Environment  Simulation  (Continued) 
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Figure  VII-6.  Computer  Results  cf  Overstress  Simulation 
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Figure  Vli-6.  Cftr^uter  Results  of  O’erstres^  simulation  (Continued) 
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Figure  VII - 6 . Computer  Results  of  Overstress  Simulation  (Continued) 
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Figure  VI 1-6.  Computer  Results  of  Overstress  Simulation  (Concluded) 


A power  monitoring  device  is  now  required  at  the  gate  input  which 
w!'l  react  to  an  electrical  overstress  signal.  This  element  will  be 
monitored  by  F9URN  to  allow  a prediction  of  failure. 

Information  on  the  electrical  overstress  behavior  of  TTL  was  obtained 
from  reference  VII-1,  where  the  overstress  parameters  for  TTL  input  are 
listed  as: 

A of  P = At'8  = 0.00216 
B of  P = At'C  = 0.689 

VBD  = 7 V 

RB  = 16  fi 

The  power  monitoring  element  was  given  the  characteristic  of  figure 
VI 1-7.  The  siiiulation  predicted  that  under  such  overstress  conditions, 
an  interface  latch  circuit  would  suffer  failure  due  to  heating  in  about  9 
x 10  7 seconds  following  the  initiation  of  the  overstress  waveform. 


Figure  VI 1-7 . Power  Monitoring  Element  Characteristics 


B.  EFFECTS  OF  NEUTRONS,  GAMMA  DOSE  RATE,  AND  EMP  UPSET  ON  A POWER 

ETGUIATM • • 

The  discrete  components  of  the  power  regulator  in  this  example  ~hich 
were  not  previously  modeled,  were  developed  entirely  from  data  so^ets  or 
"safe"  default  values  demonstrating  that  models  may  be  developed  which  do 
not  require  measurements.  Also,  the  two  transistor  model  for  the  SCR  is 
demonstrated.  Figure  VI 1-8  is  a schematic  representation  of  the  power 
supply  to  be  analyzed. 

The  power  regulator  represents  some  special  problems  for  hardness 
assessment.  First,  the  power  regulator  simulations  represent  a special 
mix  o*  long  and  short  time  constants  imposing  a burden  on  th*»  computer 
code.  A long  simulation  time  problem  also  produces  the  problem1 of  how 
to  include  very  short  lived  phenomenon.  One  solution  is  to  use  the 
initial  conditions  feature  of  the  code,  if  available,  and  then  look  at  a 
very  small  slice  of  time.  Another  possibility  is  to  look  at  the  behavior 
of  one  "piece"  of  the  circuit  at  a time,  avoiding  simulation  of  the  whole 
system. 

1.  Model  Development 

a.  Bridge  Diodes,  Zener  Diodes 

Very  simple  models  for  the  diodes  were  used  since  more 
complex  models  would  add  nothing  to  the  simulation  results.  The  diodes 
were  described  by  ideal  diode  equations.  Saturation  currents  were  simply 
defined  by  the  'safe"  default  value  of  lx  10  ^ amperes.  The  zener 
diodes  were  given  the  additional  parameters  of  a breakdown  volfay**  and  a 
breakdown  current  chosen  as  1 mA. 

b.  Transformer 

The  power  supply  transformer  was  given  perfect  flux  link- 
age by  defining  K (the  coupling  coefficient)  to  be  ).  The  inductance  of 
the  primary  and  secondary  coils  were  chosen  as  1 henry  for  this  example. 


2N3773 


c. 


2N3053 


The  basic  model  of  a 2N3053  was  developed  from  the  data 
sheets  shown  in  figure  VI 1-9. 

The  transistor  saturation  current  is  ideally  obtained  from 
a plot  of  Ic  where  VgE  = V^.  The  best  available  information  is  from 
figure  8 of  the  dat?  sheets.  Choosing  VgE  = 1 V where  V^  = 10  V yields 
a collector  current  of  240  mA, 


IS  = 


240  mA 

nr 

exp  TTBSTV 


= 4.09  x 10 


■18 


Figure  9 of  the  data  sheets  yields  a base  current  of  2.3  mA  at  VgE  = 1 V 
which  allows  current  gain  to  be  calculated. 


p — 240  mA  _ -1  ri« 
P ' 27TmR  - 104 


d.  2N3773 

The  basic  transistor  model  for  a 2N3773  was  developed  from 
the  manufacturer's  specification  sheets  shown  in  figure  VI I- 10. 

Ij,  the  transistor  saturation  current,  can  be  obtained  if 

*C  at  VBE  = ^ 

best  approximation  to  this  condition 
is  3.2  A. 


c av  »gE  - is  available.  Figure  8 of  the  data  sheets  yields  the 

At  Vgg  = 0.8  V,  collector  current 


3.2  A 

o!i  V 

exp  0250 


= 1.23 


lO-13  A 


Figure  20  of  the  data  sheets  yields  the  base  current  at  VgE  = 0.8  V 
allowing  current  gain  to  be  calculated. 
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Figure  VI 1-9.  2N3053  Manufacturer  Specification  Sheet  (Continued) 
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Figure  V 1 1 - 9 . <WJ053  Manufacturer  Specification  Sheet  (Continued) 


VII-40 


2M3773,  2N4344,  2N6259 
NMMtaiWHhMt  Hlifc  CwrmH 

»'  W **9*  Voftai*  Dmw  «w 
* «*  Comma**  imtvmrnm 


t MMM  W1 1 


• «»— * ——I  - 

iHvdMMi  at* 

• ntm- 


t»*«u 


Figure  VI I- 10.  2N3773  Manufacturer  Specification  Sheet  (ref  VI I-?) 
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e.  741  Operational  Amplifier 

The  model  of  the  741  operational  amplifier  was  composed  of 
a voltage  controlled  voltage  source,  an  output  impedance,  and  voltage 
swing  limiting  zener  diodes.  Values  for  the  voltage  source,  which  modeled 
the  open  loop  gain  cf  the  device,  and  the  output  impedance  were  obtained 
in  chapter  VI.  The  op  amp  composite  model  is  shown  in  figure  VII- 11. 


75^ 


Figure  VII-11.  741  Operational  Ampl if ier  Model 

Only  the  features  of  a model  which  are  determined  necessary 
to  correctly  solve  a problem  need  be  included.  For  this  reason,  the 
model  shown  in  figure  VII-11  is  sufficient  as  opposed  to  the  more  complex 
model  developed  in  chapter  VI.  The  741  model  developed  in  chapter  VI 
would  only  add  unnecessary  complexity  to  the  power  regulator  model . 
f.  2N5061 

The  model  used  for  the  2N506I  SCR  was  the  two  transistor 
equivalent  circuit.  The  modeJ  SCR  is  shown  in  figure  VII- 1?. 


Figure  VII-12.  Model  2N5061 


I 


The  manufacturer  specification  sheets  for  the  2N5061 
(chapter  V)  a*-e  extremely  conservative  when  listing  trigger  conditions 
producing  much  ambiguity  in  choosing  parameters. 

In  the  model  which  was  selected,  transistor  1 was  chosen 
with  a unity  current  gain  and  transistor  2 was  chosen  with  a current  gain 
of  100  which  ?clines  to  a value  of  unity  at  a base  and  collector  current 
of  1 (jA.  This  implies  that  the  sum  of  the  two  alphas  will  be  unity  at  an 
anode  current  of  2 pA.  This  value  is  reasonably  close  to  the  actual 
experimental  values. 

Transistor  2 is  based  loosely  on  the  2N2222A  model  developed 
in  chapter  III.  The  characteristics  of  transistor  2 are  shown  in  figure 
ViI-13.  The  SPICE  gain  parameter  C2  was  chosen  as  1000,  a typical  value. 

It  can  be  seen  that  the  other  parameters  arc  now  fixed. 


11 


r, (*n  1 pA  - £n  3 x 10  A)  _ , 

Slope  - * j05  V-  'g\) L ~ *3.1 


nel  = = 167 


From  the  2N2222A  model, 

-14 

1^  = 3 ;<  10  ar  peres 
PpM  = 100 

Resistor  R and  capacitor  C were  chosen  to  yield  a 1 -micro- 
second time  constant. 

R = 100  n 

C = 10  nF 
2.  Simulations 

The  first  simulation  made  was  simply  a verification  of  correct 
electrical  operation.  The  power  supply  was  "turned  on"  and  the  output 
voltage  was  monitored.  The  computer  results  are  listed  in  figure  V1I-14. 


^r 


Figure  VI 1-13.  Characteristics  of  Transistor  2 
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For  the  next  simulation,  the  response  of  the  power  supply  to  a 

neutron  fluence  of  6 x lO  cm  was  desired.  Because  the  fj  of  the 

2N3773  (200  kHz)  is  much  lower  than  the  fy  of  the  2N3053  (100  KHz) , the 

2N37/3  will  be  orders  of  magnitude  more  susceptible  to  neutron  damage. 

Therefore,  the  simulation  need  only  be  concerned  with  the  2N3773  series 

11  2 

pass  transistor.  At  6 x 10  n/cm 


(10'6)(6  x 1011) 
in  (200  kHz) 


+ 


1 

5577T 


The  power  supply  output  voltara  was  monitored  with  the  degraded 

p value  The  computer  simulation  of  figure  VII-15  indicates  that  at  a 

11  2 

neutron  fluence  of  6 x 10  n/cm  , the  power  regulator  will  fail  to 
supply  10  volts  to  a 2-ohm  load. 

Is  it  true  that  power  regulators  should  be  able  to  reject  an 
overstress  waveform  coupled  through  the  transformer?  To  test  this  idea, 
the  overstress  signal  shown  in  figure  VI I- 16  was  applied  to  the  trans- 
former primary.  An  added  complication  to  this  simulation  is  the  induc- 
tive behavior  of  electrolytic  capacitors  at  high  frequencies.  This 
problem  was  solved  with  the  addition  of  parasitic  inductors  in  series 
with  the  100  pF  capacitors.  The  problem  of  paras! tics  should  always  be 
considered,  ideally,  for  EMP  analysis,  the  parasitic  structure  of  the 
transformer  should  be  determined. 

‘ figure  VII-17  is.  the  computer  simulation  of  the  problem.  The 
output  is  a simultaneous  plot  of  the  power  regulator  output  and  the  over- 
stress signal.  It  can  be  seen  that  this  particular  overstress  signal 
wculd  not  upset  the  power  regulator. 

The  final  simulation  is  a test  to  see  if  an  ionizing  dose  rate 
of  1 x 10^  rad  (Si)/sec  is  sufficient  to  cause  the  SCR  to  fire  and  shut 
down  the  power  supply. 
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Figure  VII-16.  Overs 
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Figure  VI 1-17.  Response  of  Power  Regulator  to  EMP 
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Figure  VII-17.  Response  of  Power  Regulator  to  EIIP  (Concluded) 


Experimental  data  for  this  test  are  in  the  form  of  the  photo- 
graph shown  in  figure  VI I- 18.  The  photograph  represents  the  anode  p.ioto- 
current  produceu  at  a dose  rate  of  1 x 10^  rad  (Si)/sec.  In  the  test 
configuration,  the  anode  was  supplied  with  10  volts,  the  gate  was  grounded, 
and  the  cathode  was  left  open.  The  anode  current  probe  had  a response  of 
5 mV/mA.  The  peak  photocurrent  produced  is  600  mA. 

This  photocurrent  can  be  included  in  the  thyristor  model  as  a 
current  generator  placed  between  the  two  transistor  collectors  (refer  to 
chapter  V). 

To  produce  the  observed  600  mA  of  anode  current,  the  sample 
2N5061  model  photocurrent  generator  would  be  required  to  generate  one-half 
of  this  value  or  300  mA.  This  is  expressed  mathematically  by: 

ias!e  = <1+P>ib  ' ' 

where  the  parameters  refer  to  the  PNP  transistor. 

To  see  if  the  SCR  will  fire  at  a dose  rate  of  1 x 10^°,  it  was 
necessary  to  artificially  set  the  photocurrent  pulse  length  long  enough 
to  charge  the  arbitrarily  chosen  R-C  model  time  constant  of  1 micro- 
second. The  simulated  phot.ocurrent  waveform  chosen  was  a triangular 
pulse  rising  to  300  mA  in  1 microsecond  and  then  falling  to  zero  in 
1 microsecond. 

When  making  the  simulation,  it  was  discovered  that  the  behavior  , 
of  the  741  during  the  transient  would  cause  the  code  to  revert  to  a very 
small  time  step,  effectively  stopping  simulation.  This,  problem  was 
alleviated  by  placing  the  voltage  swing  limiting  diodes  behind  the  100 
ohm  resistor.  . 

The  results  of  the  simulation  are  shown  in  figure  VII-19.  The 
predicted  response  is  an  SCR  firing  at  a dose  rate  of  1 x 10^  rad  (Si)/sec 


VI 1-57 


0 '/.‘O'  r M 


•f.ltat  W SiO’ot  1 t » AM->| 


sa-M  1 1 /*i'.<»  t *>-.(•  3 rt>  > 


tM>U»  i is!  ! Mi. 


ft  > f“f.uoe  net.  t 


t i-  :n  I s ••  i . - - i » -»«is  iHV  = i.>-ii 

• bill’ll  I'*  0 0 I l'  l I a * i . . - 1 » I 

. NJl'H  U I r I * ls:|  .,•*(-!.»  I 

.**OPtC  lj*0a*  N»-N  ( tl^  * l 0*  I S = * . 0 Vt  - Ml 
.“ll'tl  /l  N IM  I S*  l . I * Hv»s.l  IHIMl.t-Jt 

• /*N<’  l1  l J S a | , t - I * Ada'S  lMV-l.(-tl 

V t|  Isa«.t-I4l 

.aajl'il  NsC*  NON  ( at  a l )u  !>aj,t-|*  1 . • .»  Nt  <1.67* 

I.'U  I,'  l«  .'ait  tl)  > -*  0 /.0U-*  * 7.3*:-*  0 *.:-»  01 

Yt  **•  |N  0 0 

vf-us  l iv  si m n>  v*  * o ii  o oi 

l! - AN  l **  I 
.1/01 
_ * • I 

> . 1 t t 
no  * i'.ooi 
.*<“  I s 0*001 
>.*  0 • ['*(<0  1 
' * * S 0*00| 

. t *»  1 r I o . » - v ' 

. a it  0 I o o . t * 6 

U S t la  , 

Jl  a a ! D.llfJ 
j<*  t a # ihom 
i * ; o *•  ' l o o 
Jiun  ,’t  4i  s'. 

•is  / i i toe 
S'l  ll  ;h 

Vf>  I 10  VMM*  ’ 

10  0 I Of  0 0 

.*  r |h  io.f-v 

.'a  |K  'I  In#,'-*  . 

v • « (>  0 . ta  7 f - f> 

•*»l  v o io  it  um  i 

i‘  C«  * l*  i 
."sen  Olii.t-t 
i * I » l ’ l * • *s  i v 
I*  I.’  I * 0 SaiW 
■I*  |a  II  1 00  0 
)►>  IS  1 ’t  V 
-M*y  is  M I '0 
Wolfit* 

’*  i*  I f<  i I * 

■H  T n ,J 

.ool  l ons  1 it  s isn  to  l 
.Man  l .*  -*  i .r  - * 

.tj'l  Than  o i * I 

Figure  VII-19.  .SCR  Triggering  by  Ionizing  Radiation 
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lFFECI  QF  IONIZINC.  RADIATION  ON  ELECTRONIC  INTEGRATOR 

Simplified  models  require  radiation  responses  to  be  built  into  the 
model,  Ihe  information  on  which  to  base  the  radiation  response  must  come 
from  experimental  data.  This  example  illustrates  how  the  transient 
i on i 2 i ritj  response  may  be  built  into  the  model  for  the  741  operational 
amp! i Tier. 

The  response  nf  a pA7410C  operation  amplifier  to  transient  ionizing 
radiat:on  is  desired.  The  op  amp  is  in  an  integrate  configuration  as 
illustrated  by  figure  VI 1-20.  Ihe  op  amp  model  is  shown  in  figure  VIi-21. 


Figure  V 1 1-20 . Integrator  Circuit 


In  chapter  VI. A. 5,  a method  of  building  in  a photoresponse  of  the 
741  DC  operational  amplifier  model  is  discussed.  The  experimental  waveform 
to  be  duplicated  is  from  a test  where  the  ionizing  radiation  caused  the 
amplifier  output  to  rise  at  a rate  of  1 V/ps,  saturate  for  10  ps,  and 
then  recover  at  the  slew  rate. 

To  produce  the  1 V/ps  rise  rate,  a value  of  IRAO  is  required  which 
satisfies  (see  chapter  VI. A. 5) 

dV  ]_V  _ IRAQ  - 5. 3 A 
ciT  ps  nr  6 pf 
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An  IRAQ  value  of  15.9  amps  will  meet  this  condition.  When  the 
output  voltage  climbs  above  15  V,  saturation  is  modeled.  However,  the 
10.6  pi-  capacitor  charged  by  1RA0  will  continue  to  climb  above  15  volts. 
IRAD  must  be  stopped  at  the  proper  time  so  that  the  10.6  pF  capacitor, 
discharging  at  the  slew  rate  of  0.5  V/ps,  will  fall  below  15  V,  10  ps 
after  first  reaching  15  V,  to  model  the  saturation  delay  time.  Tne 
amplifier  will  now  recover  at  the  slew  rate  which  is  desirable.  • 

i 

The  complete  simulation  waveform  is  shown  in  figure  VI 1-22 . At  time 
zero,  IRAD  is  set  to  15.9  amps.  The  output  will  rise  at  a rate  of  1 V/ps 
and  saturate  in  15  ps.  Setting  IRAD  back  to  zero  in  18.33  ps  will  allow 
the  op  amp  to  recover  at  the  slew  rate,  coming  out  of  saturation  in  25  ps 
or  10  ps  after  entering  saturation.  The  op  amp  does  not  recover  completely 
until  55  ps  following  the  radiation  pulse. 


18.33 

Figure  VI 1-22 . Op  Amp  Response 

The  response  of  the  integrator  may  now  be  investigated.  Figure 
VI 1-23  is  the  listing  for  the  SCEPTRE  run.  Figure  VI 1-24  is  the  pre- 
dicted output  response  for  the  integrator. 

The  interesting  result  of  this  run  is  that  following  the  radiation 
pulse,  the  integrator  output  is  only  slightly  shifted.  However,  the 
error  is  propagated  by  the  integrator  for  a time  much  longer  than  the 
amplifier  upset  time.  What  the  integrator  is  driving  now  becomes  impor-: 
tant.  If  no  error  is  to  be  tolerated,  a seriously  long  upset  has  been 
produced. 
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C2«9-0=31 .RE-12 

t OUT » 0 - 1 0 = F OU T ( VC2 . VRS S » VRP$S ) 

ROUT.  1.0-1  1 = 75. 

JOUT. 11-0=0 
EPLUS. 0-1=15 
EMlNUS. 2-0=15 
R0.0-'3  = .00  1 
ESIG.0-X=5. 

WBIAS.X-4=1 .E5 
CBIAS. 11-4=1 .E-9 
JR AD. 0-7=TABLE  2 < T I ME ) 

FUNCTIONS 
TABLE  1 

-5.E4»-5.3»“2.66E4.-5.J.2.bf>f4*5»3.5.E4»5»3 
TABLE  2 

0.0. . 5E -4 ♦ 0 . .5E-4  « 15.9. .brt33E-4. 15.9* .68JJE-4.0. 1 • E-*4 . 0 
OUTPUTS 

ESIG.E INP.EOUT .VJOUT.PLOT 
RUN  CONTROLS 
STOP  T I M£  =2 • E -4 
F.NO 

Fiaure  VII -23 . listing  for  Integrator  Response 
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Figure  VII -24 . Predicted  Integrator  Response 


This  simulation  represents  a problem  which  would  be  difficult  to 
solve  through  manual  analysis.  Computer  simulation  is  useful  for  veri- 
fying manual  analysis  as  well  as  solving  the  more  difficult  problems. 

D.  COMPUTER  AIDED  ANALYSIS  AS  A TOOL  FOR  HARDENING  ELECTRONIC  SYSTEMS 

This  example  is  an  i 1 lustration  of  how  computer  aided  analysis  was 
applied  to  harden  an  electronic  system.  The  circuit  which  was  analyzed 
is  the  three  stage  amplifier  shown  in  figure  VI 1-25-  The  neutron  degra- 
dation analysis  concerned  the  powe1"  transistors  T3,  T4,  and  T5.  At  a 

112 

neutron  fluence  of  5 x 10  n/cm  , the  circuit  was  shown  to  be  vulnerable. 
Failure  was  reached  when  the  gain  at  2 kHz  fell  below  10.  Neutron  degra- 
dation was  estimated  from  information  on  device  fy. 

To  harden  this  circuit,  piecepart  substitutions  were  made  until  a 
112 

fluence  of  5 x 10  n/cm  did  no*  degrade  the  performance  of  the  ampli- 
fier below  design  limits. 

Parameters  for  the  trans  stors  were  obtained  from  data  sheet  infor- 
mation. When  parameters  were  not  directly  available  from  data  sheets, 
default  values  were  used. 

Care  was  required  in  n.jdeling  transformers  TR2  and  TR3  and  tran- 
sistors T4  and  T5  to  avoid  an  unstable  circuit.  Since  transistors  T4  and 
T5  are  operated  pear  cutoff,  the  modeling  of  current  gain  as  a function 
of  base  emitter  voltage  is  important. 

Transformer  parameters  such  as  turns  ratio,  winding  inductance, 
winding  resistance,  coefficient  oi  coupling,  and  frequency  response  were 
not,  available  from  t’ e u'eta  sheets.  The  equipment  manufacturer  was  very 
helpful  in  providing  specifications  for  these  devices.  The  ratio  of  coil 
inductance  can  be  approximated  from  the  rated  primary  and  secondary 
impedances  or  turns  ratio  as: 
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-25.  Three-Stage 


The  values  of  inductance  are  not  critical  if  they  are  large  enough  to 
present  impedances  greater  than  the  rated  driving  source  impedance  within 
the  required  frequency  range.  Tiie  inductances  were  therefore  chosen  to 
yield  an  inductive  reactance  of  10  times  the  rated  winding  impedance  at 
the  low  end  of  the  rated  transformer  pass  bands.  The  winding  resistances 
were  taken  from  the  specification  sheets  for  the  transformers,  and  the 
coefficient  of  coupling  was  taken  as  high  as  possible  NET-2  requires  K 
to  be  less  than  one.  A K of  0.99  resulted  in  an  unstable  circuit,  so  K 
was  chosen  as  0.9.  The  transformer  models  are  shown  ?n  figure  VI 1-26 . 

The  three  stage  amplifier  was  hardened  by  *-epla_ing  the  and 

2N3772  transistors'with  2N5427  and  2N5C38  transistors,  respective1 y. 
Tables  VII-1  and  VI I -2  give  a comparison  of  the  •najor  parameters  includ- 
ing cost.  Except  i or  the  small  decrease  in  rated  power  of  the  2N5038 
(140  watts)  compared  to  that  of  the  2N3772  (150  watts),  the  substitute 
transistors  are  equally  or  higher  rated  in  every  category.  Figure  V 1 i - 2 7 
shows  the  modified  circuit. 

The  frequency  domain  capability  of  NET-2  was  used  to  obtain  the 
transfer  characteristics  of  both  amplifiers.  Figure  wII-28  shows  the 
preirradiation  frequency  response  of  both  the  original  and  hardened 
amplifiers. 

The  peaked  frequency  response  illustrates  one  of  the  major  problems 
in  circuit  simulation,  the  lack  of  data  to  precisely  model  the  circuit. 
For  this  example,  the  major  problems  were  in  modeling  the  transformers 
and  transistors.  The  reactive  characteristics  of  the  transformers  affect 
gain,  bandwidth,  and  phase  shift;  therefore,  the  transformers  affect 
circuit  stability.  Transistors  T4  and  T5  also  present  problems  primarily 
because  they  are  being  operated  near  cutoff,  transistor  current  gain  is 
a strong  function  of  collector  current  at  this  bias.  The  manufacturer 
specification  sheets  are  rarely  adequate  to  model  p in  this  region. 

The  NET-2  run  illustrating  the  listing  and  output  for  the  hardened 
amplifier  is  given  in  figure  VI 1-29.  ’ This  run  is  included  as  an  example 
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TABLE  VII-1.  COMPARISON  OF  SPECIFICATIONS  FOR  THE  2N3054  AND 
THE  2N5427  TRANSISTORS 


2N3054 

2N542/ 

UNITS 

Pn(case) 

?5 

40  ■ 

w 

*c 

4 

7 

A 

VCE0 

55 

80 

V 

PMIN 

25 

30 

- 

WC 

0.5 

0.5 

A 

fTMIN 

0.8 

30 

MHz 

Cost’*  (<  100 

Units) 

0.94 

5.96 

$ 

TABLE 

VI 1-2. 

COMPARISON  OF  SPECIFICATIONS 

FOR  THt  2N5038 

AND  THE  2N5038  TRANSISTORS 

2N3772 

2N5038 

UNITS 

Pg(case) 

150 

140 

W 

!C 

20 

20 

A 

VCEO 

60 

9U 

V 

PMIN 

15 

20 

- 

@IC 

10 

12 

A 

fMIN 

0.2 

60 

MHz 

Cost*  (<  100  Units) 

3.14-15.50 

5.78-13.05 

$ 

*Ths  cost  data  were  taken  from  the  1974  catalog  of  a major  western  distributor 
of  electronic  components.  The  price  range  shown  for  the  2N3772  and  the  2N5038 
indicates  the  range  from  standard  JEDEC  components  to  JANTX  grade  components. 
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rigure  VII -29.  NET-2  Hating  of  Three  Stage  Amplifier  Mode l (Conti nut;d) 
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Figure  VI 1-29.  NET-2  Listing  of  Three  Stage  Amplifier  Model  (Concluded) 


of  the  use  of  NFT-:  for  obtaining  *ne  frequency  response  of  complex 
systems.  The  plot  included  in  figure  VII -J9  is  the  frequency  response  of 
the  amplifier  as  determined  by  Nff-2. 

E . ANALYSIS  Qf  A LARGE  SUBSYSTEM  USING  SIMPLIFIED  AND  COMPLETE  MODELS 

The  incorporation  of  MSI  'LSI  components  in  subsystems  subject  to 
nuclear  weapons  Effects  poses  several  problems  for  the  radiation  effects 
analyst.  Tne  radiation  response  of  the  exponents  themselves  is  quite 
complex,  and  the  evaluation  o*  the  interactions  between  sever;.?  >.  h ' 
components  is  often  beyond  human  capabilities.  Thi-  is  espec > ai K t ' ie 
when  the  circuit  contains  complex  feedback  paths,  ,t  large  number  ti 
possible  states,  and  nonlinear  input  and  output  > haracteri  ,tics. 

In  this  investigation,  three  MOs  integrated  circuits  of  MSI  comr  lev- 
ity and  several  smail  scale  integrated  circuits  wer*  simulated  using 
composite  modeling  techniques.  Ihev  include: 

(!)  RCA  CP40bl,  CMOS,  8-Channel  A.ialuu  Multiplexer/Demultiplever 

(2)  Motorola  MCI40C4,  CMOS,  7 Bit,  Binary  Ripple  Counter 

(3)  Fairchild  FS3349,  PMOS,  Silicon  Gate,  Hey:,  32'dit  Shift  Register 

(4)  Hair  is  H4000,  CMOS,  Dielectrically  Isolated  NOR  Gate 

,(S)  Fairchild  pA71L>  Voltage  Comparator 

To  demonstrate  the  range  of  electrical  and  radiation  responses  which  may 
be  included  in  a composite,  model,  several  of  the  more  interesting  aspects 
of  the  MC14034  simulation  are  dpscribeu  below. 

The  composite  models  discussed  above  were  developed  for  use  ini  thn 
analysis  of  subsystem  response.  The  circuit  shown  schematical ly  in 
figure  VII-30  was  designed  specifically  to  demonstrate  the  application  of' 
the  modeling  techniques. 

Tne  general  circuit  function  is  that  of  an  A/D  converter.  The 
analog  signal  used  in  the  conversion  is  provided  by  the  resistive  voltage 
svider  associated  with  the  CD4051A.  The  divider  breaks  the  5 V supply 
.ullage  into  increments  comerted  tu  the  inputs  of  CD40B1  multiplexer 
channels.  Each  multiplexer  channel  can  be  selected  via  the  CD405IA 


address  line  so  ♦'hat  its  input  signal  appears  on  the  common  in/r  .♦  line. 
The  analog  signal  appearing  on  the  common  ir'out  serves  as  the  reference 
for  the  pA710  voltage  comparator. 

The  conversion  seouence  for  transforming  the  pA710  reference  into  a 
digital  signal  can  best  be  understood  by  examining  the  circuit  just  after 
a master  reset  pulse  has  occurred.  The  master  reset  and  the  clock  are, 
externally  applied  signals  which  are  brought  out  to  simplify  timing  when 
the  circuit  is  tested  in  a rad’ation  environment.  The  master  reset 
produces  a low  state  on  all  outputs  of  the  MC 1 4024  circuits  A,  B,  and  C. 
The  MC14024  circuit  B is  configured  as  an  8 counter,  and  drives  the 
address  inputs  to  the  CD4051.  Initially,  channel  0 of  the  CD4051  is 
selected  and  approximately  0.5  V is  applied  to  the  reference  of  the  pA710 
compa.ator.  The  outputs  of  the  MC14024  circuit  A are  connected  to  the 
noninverting  input  of  the  comparator  through  an  R-2R  resistive  networK. 
Since  th * MCI 4024  circuit  A has  been  reset,  the  output  of  the  R-2R  net- 
work will  be  essentially  ground.  The  output  of  the  pA710  will  be  low. 
Thus,  the  gate  N0R1  is  enabled  and  N0R2  is  disabled.  With  N0R1  enabled, 
the  clock  signal  is  applied  to  the  clock  input  of  MC14024  circuit  A.  As 
the  MC14024  counts  the  clock  pulses,  th*  voltage  output  of  the  R-2.R 
network  is  incremented.  When  the  output  of  the  R-2R  network  equals  or 
exceeds  the  value  of  the  reference  signal,  the  A/D  conversion  is  complete. 
The  comparator  output  goes  high,  and  the  gate  N0R1  is  disabled  while  N0R2 
is  enabled.  The  outputs  of  the  MC14024  circuit  A represent  the  binary 
equivalent  of  the  reference  signal.  The  binary  number1 is  stored  in  the 
3349DC  hex  32-bit  shift  register.  The  storage  is  accomplished  by  routing 
one  clock  pulse  via  N0R3  into  the  clock  terminal  of  the  3349DL.  A subse- 
quent pulse  resets  MC14024  circuit  A and  increments  the  count  on  circuit 
B by  l.  As  a result,  channel  1 is  selected  for  the  CD4051 , the  pA710 
output  goes  low,  and  the  conversion  cycle  starts  again.  Note  that  eight 
conversion  cycle*-  (henceforth  called  octaves)  are  required  to  cover  all 
the  multiplexer  channels.  At  the  end  of  the  eighth  cycle,  MC14024  circuit 
B is  reset  and  the  conversion  process  starts  with  channel  0 again.  The 
3349DC  can  store  the  results  of  four  octaves.  At  the  end  of  the  fourth 
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octave,  MC14024  circuit  C disables  the  gates  N0R1  and  N0R2  and  activates 
the  recirculate  of  the  3349DC.  The  digital  results  of  each  conversion 
can  then  be  examined  by  providing  an  external  clock  to  the  33490C. 

Figure  VII-31  shows  a diagram  of  tne  input  circuitry  and  the  first 
two  output  stages  of  the  MC14C24  model.  The  elements  appearing  inside 
the  heavy, solid  line  are  contained  in  the  model.  Elements  outside  on  the 
line  are  used  to  exercise  the  model.  Elements  between  the  heavy  solid 
line  and  the  dashed  line  modelthe  analog  characteristics  of  the  input 
and  output  terminals.  Elements  within  the  dashed  line  are  included  in 
the  LOGIC  portion  of  the  model.  Thresholding  between  the  analog  and 
LOGIC  portions  of  the  model  is  indicated  by  dashed  interconnections.  An 
abbreviated  and  annotated  version  of  the  SCEPTRE/LOGIC  description  of  the 
MC14024  model  is  shown  in  figure  VII-32. 

The  simplified  models  for  the  input  circuits  (clock  and  reset)  are 
quite  similar.  In  the  case  of  the  clock  input,  the  element  JC  represents 
the  breakdown  characteristics  of  the  input  protection  network  as  determined 
experimentally.  The  element  is  implemented  with  a table  which  describes 
the  I/V  characteristic  shown  in  figure  VII-33.  The  power  dissipated  in 
JC  as  a function  of  time  can  be  monitored  to  determine  if  an  electrical 
overstress  pulse  will  damage  the  input.  The  elemehts  CC  and  RC  simulate 
the  normal  input  impedance  of  the  circuit.  The  element  JPC  simulates  the 
photocurrent  produced  by  the  input  circuitry.  It  is  described  by  a 
standard  photocurrent  equation  including  both  prompt  and  diffusion  compo- 
nents. 

The  application  of  the  analog  clock  input  to  the  LOGIC  network  is  , 
interesting  since  it  simulates  the  70  percent  noise  immunity  of  the  clock 
line.  The  threshold  for  transition  from  low  to  high  is  set  at  7 volts. 

The  LOGIC  flip-flop  element,  BCi  is  used  to  maintain  proper  clock  state 
until  the  appropriate  transition  threshold  is  reached. 

The  power  supply  terminal  model  also  has  some  unique  character- 
istics. The  elements  CP,  RP,  and  oP  simulate  the  normal  I/V  character- 
istics and  the  breakdown  characteristics  of  the.  power  supply  input  in 
much  the  same  manner  as  described  above.  The  photoresponse  of  the  terminal 
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is  more  complex.  The  current  source  JPB  is  described  by  a standard 
photccurrent  equation  using  an  effective  junction  area  to  give  a proper 
match  to  experimentally  determined  terminal  photocurrent.  The  resulting 
value  of  current  throuqh  RB  (IRB)  is  compared  against  two  threshold 
values  to  determine  the  circuit  response.  If  IRB  is  greater  than  7C  pA 
(variable  STCH)  then  the  output  of  all  stages  are  set  high.  If  IRB  is 
greater  than  90  pA  (variable  LTCHP),  the  LOGIC  element  BLTCH  is  triggered. 
The  output  of  BLTCH  controls  the  value  of  the  analog  element  JLP,  which 
simulates  the  high  power  supply  currents  drawn  when  radiation  induces  a 
latchup  in  the  MC14024.  The  existence  and  characteristics  of  the  latchup 
in  this  circuit  are  simulations  of  experimental  data  resulting  from  flash 
x-ray  and  LINAC  testing.  The  arrangement  of  the  power  supply  simulation 
correctly  models  the  pulse  width  and  dose  rate  dependence  of  the  latchup 
observations. 

The  output  terminal  models  simulate  nonlinear  output  impedances  by 
applying  appropriate  voltage  for  high  or  low  states  (10  V or  0 V)  to  the 
voltage  dependent  current  source  represented  by  JL1.  The  current  source 
J1  represents  the  breakdown  characteristics  of  the  output  and  the  current 
source  JP1  represents  the  output  photocurrent'  response.  The  photncurrent 
is  of  special  interest  since  it  is  a function  of  the  output,  voltage. 

Figure  VI I - 34  is  a schematic  of  the  output  inverter  circuit  including  the 
parasitic  NPN  bipolar  transistor  and  the  PN  diode  associated  with  the 
NMG^  and  PMOS  drains  respectively.  The  secondary  photocurrent  will  flow 
when  the  voltage  drop  across  the  bulk  resistance  Rg  exceeds  the  output 
voltage  plus  a diode  drop  (.6  V)  as  indicated  in  the  equation  below. 


*sp  = rpp 


where  p = parasitic  transistor  gain.  This  equation  with  appropriate 
limiting  conditions  is  implemented  in  the  current  source  represented  by 
JP1. 


Figure  VII-34.  CMOS  Output  Inverter  Scheuat  Showing  "irasil^  . 

The  LOGIC  portion  or  the  MC14024  model  is  a str.  ightforvard  ?mp> 
mentation  of  the  circuit  schematic.  Each  counter  stage  is  modeled  by  a 
flip-flop  with  appropriate  delay  elements  to  simulate  propagation  delays. 
Different  values  can  be  utilized  for  low-to-high  3nd  high-to-low  transi- 
tions. The  values  for  nternal  delays  were  developed  from  detailed 
analyses  of  the  internal  cells.  The  elements  designated  as  til,  U2,  etc., 
are  edge  sensing  elements  which  are  used  to  simulate  the  negative  edgp 
trigger  response  found  in  the  MC14024. 

When  attempting  to  simulate  a large  subsystem  incorporating  logic 
elements,  there  are  practical  considerations  involved  in  running  the 
problem  which  should  be  addressed.  One  of  these  involves  the  selection 
of  a maximum  step  size.  The  step  size  must  be  small  enough  to  insure  the 
clock  wavefcrm  is  sampled  during  both  its  high  and  ’ow  state.  This  is 
analogous  to  the  sampling  theorem  requirement  for  a sampling  rate  of 
twice  the  highest  frequency.  In  practice,  the  solutions  are  better 
behaved  if  samples  are  taken  five  to  six  times  during  the  clock  period. 

The  second  requirement  is  brought  about  by  the  characteristic^  of 
the  delay  elements.  For  a LOGIC  model  with  a propagation  delay,  at  least 
one  time  step  is  required  to  propagate  a signal  from  the  input  to  the 
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output  of  the  model.  Thus,  if  there  is  a feedback  loop  containing  multi- 
ple LOGIC  models,  the  solution  around  the  loop  will  not  have  settled 
until  the  number  of  steps  is  greater  than  or  equal  to  the  number  of  LOGIC 
models  in  the  loop.  For  example,  there  are  seven  models  (N0R2,  MC14024D, 

13,  N0R4,  MC14024B,  CD40S1,  end  15)  in  the  longest  feedback  loop  of  the 
A/D  converter;  thus  there  should  be  at  least  seven  time  steps, for  each  of 
the  solution  points  defined  by  the  clock  sample  requi rement  (e. g. , 7 
steps/sample  * 5 samples/clock  period  = 35  steps/clock  period).  The  maximum 

. . . clock  period 

step  size  is  at  most ^5 • 

In  the  solution  of  the  composite  model  of  the  A/D  converter,  the 
"Gear"  implicit  integration  routine  was  used  for  all  runs.  The  step  size 
for  this  routine  is  controlled  by  the  rate  of  change  of  electrical  signals 
and  the  circuit  time  constants.  Since  the  output  state  changes  are 
relatively  fast  and  the  RC  time  constants  are  small,  the  solution  tends 
to  slow  down  considerably  with  each  state  change.  The  solution  time  can 
be  significantly  decreased  if  the  capacitive  elements  are  temoved  from 
nodes  experiencing  numerous  state  changes  (e.g. , the  14024A  dock  node, 
the  N0R1  output  node,  and  the  14024D  clock  node).  The  removal  of  the 
capacitance  will  usually  result  in'  a computational  delay,  but  this  need 
not  affect  solution  accuracy  if  the  maximum  step  size  is  controlled.  The 
controls  based  on  the  propagation  delay  element  requirements  mentioned 
above  were  generally  sufficient  to  produce  accurate  solutions  in  the  A/D 
converter  example.  For  comparison,  two  solutions  were  performed  for  a 
single  conversion  octave  --  one  with  capactiances  at  all  nodes  and  the 
other  with  capacitances  removed  from  nodes  with  frequent  state  changes. 

The  former  required  742  CP  (central  processor)  seconds  ($125)  and  the 
latter  required  335  CP  seconds  ($57)  on. the  CDC  7600  computer  facility  at 
the  Air  Force  Weapons  Laboratory. 

The  subsystem  was  test-*u  by  exposure  to  a flash  x-ray  during  opera- 
tion. A photograph  of  behavior  of  the  subsystem  during  an  x-ray  burst  is 
shown  in  figure  VI 1-35. 
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Results  of  the  experimental  tests  were  then  compared  to  a simulated 
exposure  of  the  subsystem  to  ionizing  radiation.  One  such  simulation  is 
shown  in  figure  VII-36.  Initial  comparisons  revealed  significant  discre- 
pancies. 

Reexamination  of  the  A/0  converter  model  revealed  the  reason  for  the 
discrepancy  in  the  prediction  and  experimental  data.  Since  the  H4000 
gates  were  dielectrically  isolated  and  showed  no  photoresponse  approaching 
the  noise  margin  of  the  MC14024  reset,  their  models  were  extensively 
simplified.  The  analog  output  consisted  of  a current  source  and  a parallel 
fixed  value  resistance  rather  than  the  voltage  source  and  a nonlinear 
voltage  dependent  current  source  discussed  earlier  in  the  example  model 
for  the  Mf 14024  output.  In  actuality,  the  maximum  output  current  of  the 
H4000  devices  used  in  this  circuit  was  780  pA.  When  the  nonlinear  output 
impedance  was  simulated  correctly,  the  SCEPTRE/LOGIC  aralysis  provided 
excellent  agreement  with  the  experimental  data. 

Examination  of  the  results  of  the  composite  modeling  investigation 
indicates  that  the  technique  is  appropriate  for  analyses  of  subsystem 
circuits  of  significant  complexity.  The  A/D  converter  required  over  2000 
electrical  and  logical  elements.  Ihe  solution  times  fbr  the  models 
appear  long  in  comparison  with  some  simple  discrete  component  circuits, 
but  the  costs  are  not  unreasonable  when  compared  to  the  cost  ot  bread- 
boarding and  testinq  of  circuits  containing  MSI  complexity  components. 

Also,  the  entire  conversion  sequence  of  the  model  need  not  be  run  to, 
investigate  a particular  time  interval  and  radiation  response.  The 
ahalyst  has  an  advantage  of  controlling  time  in  the  circuit  simulation 
which  the  experimentalist  does  not  enjoy.  Furthermore,  the  analyst  can 
monitor  any  node  throughout  the  circuit  without  modifying  the  response 
with  a ptobe  connection. 

The  composite  model  can  incorporate  nonlinear  input/output  impe- 
dances which  may  significantly  affect  the  overall  circuit  response  and 
lead  to  results  which  are  unexpected  from  testing  of  individual  compo- 
nents. The  effect  of  such  impedances  can  be  handled  in  a manual  analysis 
but  only  with  considerable  complications  in  the  computations. 


Figure  VI 1-36.  Results  of  Cor., outer  Analysis  of  AD  Converter  Photor  espouse 
(R-2P.  Network  Output; 


The  problem  with  the  discrepancy  between  the  initial  A/D  converter 
prediction  and  the  experimental  results  is  indicative  of  the  general 
problem  with  modeling.  The  prediction  is  only  as  accurate  as  the  simula- 
tion on  which  it  is  based.  While  composite  modeling  does  not  provide  an 
error-free  oanacea  for  subsystem  analysis  Droblems,  it  does  provide  a 
formal  :sm  which  car.  help  the  analyst  structure  an  approach  to  the  problem 
and  provide  assistance  in  complex  calculations. 
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AI.N:  AWSl 

AHN:  AU.  W.  N.lilossor 
•At IN:  AW'.R.  W.  HldNney 

’ MIN  tWN.  I.  ISli'dA ' 

AHN.  sU.  Copt  Kaoi-V 
AHN:  S.M.  If.  tUvfs 
AHN:  C.  Nolly 

spate  .onl  Missile  Systems  Or.M«i.’dt;km.  AIM 
AHN:  MNNfl . d.  f in  Nor 
AHN:  IWNt  1 S.  Nemie.lv 
AHN:  MNNI1 

• tidtroii  Air  C mnunil 

AHN:  AVIS.  M.idll'd 

• lUVARlrtNI  Of  INI  Rot 

Allmnneisine  Operations  Off  (to 
AHN:  V.SSH/OSO 


footo  Motor!, .Is  l ol'oro: orv 
MIN:  HI 

Mr  lor.o  sysfoms  Command 

AHN:  l, CAM,  I.  Snilo 
MIN:  I'M 
AIIN:  i'll  A 
M IN'  SRI  A,  R.  S t I’Otl 


,loi>o>'t  ill'll t of  tool', IV 

AHN'  Off  Ur' of  Military  Application 

(tilosslt  ioil  t theory) 

01  III. H flOVl  RNWNI  AUWtfS 

Control  Intel Muenco  Ain-itt V 
AHN:  , .0  1 RP  •‘'Coll'  HQ 
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OTHER  GOVERNMENT  AGENCIES  (Continued) 

NASA 

ATTN:  J.  Murphy 

NASA 

Lewis  Research  Tenter 
ATTN:  M.  Saddour 

NASA 

Ames  Research  Center 

ATTN:  6.  DeYoung 

DEPARTMENT  OF  ENERGY  CONTRACTORS 

Lawrence  Livermore  Laboratory 

ATTN:  Technical  information  Department 

Los  Alamos  Scientific  Laboratory 
ATTN:  J.  Freed 

Sandia  Laboratories 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Burr-Crown  Research  Cor,  . 

ATTN:  H.  Smith 

California  Institute  of  Technology 
Jet  Prooi'lsion  Lab 


ATTN: 

A.  Shumka 

ATTN: 

W.  Price 

A1TN: 

A.  Stanley 

es  Stark  Draper  Lab,  I 

ATTN: 

A.  Schutz 

ATTN: 

P.  Greiff 

ATTN: 

R.  Bedingfield 

ATTN: 

C.  Lai 

ATTN: 

R.  Ledger 

Cincinnati  Electronics  Corp. 
ATTN:  L.  Hammond 
ATTN:  C.  Stump 


ATTN: 

E.  Coppage 

Control  Data  Corp. 

ATTN: 

W.  Dawes 

ATTN:  J.  Meehan 

ATTN: 

J.  Hood 

ATTN: 

J.  Barnum 

University  cf  Colorado 

ATTN: 

R.  Gregory 

ATTN.  Sec.  Officer' for 

DEPARTMENT  OF  DEFENSE  CONTRACTORS 

Advanced  Microdevices,  Inc. 

ATTN:  J.,  Schlageter 

Advanced  Research  and  Applications  Corp. 
ATTN:  R.  Armistead 

Aerojet  Electro-Systems  Co. 

ATTN:  T.  Hanscome 


Aerospace  Corp. 


D.  Fresh 
U.  Willis 
S.  Bower 


Aerospace  Industries  Assoc,  of  America,  Inc. 


E-Systems,  Ir,c. 

ATTN:  K.  Reis 

Electronic  Industries  Association 
ATTN-  J.  Hessman 

EW1  Corp. 

ATTN:  F.  Krch 

Exp.  and  Math.  Physics  Consultants 
ATTN:  T.  Jordan 

Fairchild  Camera  and  Instrument  Corp. 

ATTN:  D.  Myers 
ATTN:  R.  Marshall 

Ford  Aerospace  and  Conmjnicatior.s  Corp. 

ATTN:  Technical  Information  Services 


ATTN: 

S. 

Siegel 

ATTN:  J.  Davison 

Battelle  Memorial  Institute 

Ford  Aerospace  and  Cornu. 

; 

ATTN: 

R. 

Thatcher 

ATTN:  D.  Cadle 

» 

BMD  Corp. 

. 

Franklin  Institute 

1 

i 

f. 

ATTN: 

■R. 

Pease 

. ATTN:  R.  Thompson 

- ATTN: 

D. 

Wunch  , 

ATTN: 

D. 

Alexander 

Garrett  Corp. 

ATTN. 

P. 

Young 

ATTN:  R.  Weir 

i 

ATTN: 

R. 

Anti  none 

l 

: • 

General  P/namics  Corp. 

t 

ATTN:  W.  Hans’n 

Bendix  Corp. 

l . 

ATTN: 

E. 

Meeder 

General  Dynamics  Corp. 

i 

Boeing  Co. 

ATTN:  R.  Fields 
ATTN:  0.  Wood 

ATTN: 

D. 

Egelkrout 

General  E.ectric  Co. 

Boeing  Co. 

ATTN:  R.  Casey 

i 

ATTN: 

W. 

Rumpza 

ATTN:  J.  Peden 

! 

ATTN: 

I. 

Arimura 

ATTN:  L.  Sivo' 

f 

i 

ATTN: 

C. 

Rosenberg 

ATTN:  D.  Long 

1 ■ 

1 

ATTN: 

A. 

Johnston 

Dist-3 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

General  Electric  Co. 

Re-e.itry  and  Environmental  Systems  Oiv. 

ATTN'  Technical  Library 
ATTN  R.  Benedict 
ATTN.  W.  Patters™ 

ATTN:  J.  Pal  chef sky  . Jr. 

General  Electric  Co. 

Ordnance  Systems 

ATTN:  J.  Reidl 

General  Electric  Co. 

Aircraft  Engine  Easiness  Group 
ATTN:  R.  Helien 

General  Electric  Co. 

Aerospace  Electronics  systems 
ATTN:  W.  Patterson 
ATTN:  0.  Cole 
ATTN:  J.  Gibson 

General  E lectric  Co. 

ATTN:  D.  Pepin 

General  Elec  -ic  Compai.j —TEMPO 
Center  for  Advanced  Studies 
ATTN:  OASIAC 
ATTN:  M.  EspiC 

reneral  F’ectric  Company— TEMPO 
Alexandria  Office 
ATTN:  DASIAC 

General  Research  Corp. 

ATTN:  Technical  Information  Office 
ATTN:  R.  Hlil 

Georqia  Institute  of  Technology 
ATTN,  R.  Curry 

Georgia  Institute  of  Technology 
Office  of  Contract  Administration 
AT'.  U:  H.  Penny 

Goodyear  Aerospace  Corp. 

ATTN:'  Security  Control  Station 

. Grumnan  Aerospace  Corp. 

ATTN:  J.  Rogers 

GTE  Sylvania,  Inc. 

Electronics  Systems  Grp-Eastern  Oiv. 

ATTN:  C.  Tnomhill 
ATTN:  L.  Pauples 
ATTN:  l.  Blaisdell 

GTE  Sylvania,  Inc. 

ATTN:  J.  Waldron 
ATTN:  II  and  V Group 
ATTN:  H.  Ullman 
ATTN:  P.  Fredrickson 

Har-  is  Corp. 

ATTN:  J.  Cornell 
ATTN:  C.  Anderson 

Honeywell,  Inc. 

ATTN:  R.  Gutn 


DEPARTMENT  OF  DEFENSE  CONTRACTORS  (Continued) 

Honeywell,  Inc. 

Avionics  Division 

ATTN:  C.  Cerulli 

Hi  :eywell-,  Inc. 

Radiation  Center 

ATTN:  Technical  Lilir.ry 

Honeywell,  Inc. 

Defense  Systems  Division 
ATTE : K.  Gaspard 

Hughes  Aircraft' Co. 

ATTN:  R.  McGowan 
ATTN:  J.  Singletary 

Hughes  Aic  craft  Co. 

El  Segundo  Site 

ATTN:  .E.  Smith 
, ATTN:  W.  Scott 

IBM  Corp. 

ATTN:  H.  Mathers 
ATTN:  T., Martin 
ATTN:  F.  Fietse 

I IT  Researcn  Institute 
ATTN:  I.  MinJel 

Institute  for  Defense  Analyses 

AITN:  lechnical  Info-  atioa  Services 

Ir tel  Corp. 

ATTN:  M.  Jordan 

IBM  Curp. 

Thomas  Watson  Research  Center 
ATTN:  J.  Ziegler 

International  Tel.  and  Telegraph  Corp. 

ATTN:  Dept.  608 
ATTN:  A.  Richardson 

Intersil  Inc. 

ATTN:  0.  MacDonald 

1PT  Corp 

ATTN:  J.  Harrity 

JATCOR 

ATTN:  L.  Scott 

Johns  Hopkins  University 

ATTN:  P.  Partridge  - 

Kaman  Sciences  Corp. 

ATTN:  J.  lubell 

Litton  Systems,  Inc. 

ATTN-  G.  Maddox 

Lockheed  Missiles  and  Space  Co..  Inc. 


ATTN: 

F. 

Smith 

ATTN: 

P. 

Bene 

ATTN: 

H. 

Phillips 

ATTN: 

C. 

Thompson 

Lockheed  Missiles  and  Space  Co.,  Inc. 
ATTN:  J.  Crowley 
ATTN:  J.  Smith 


nEPARy?_NT  CD  ■)_£ FjENSE  CONTRACTORS  _ (font  inurd) 

M.  1 .1  . Lincoln  Lab 

A7TN.  P.  McKenzie 

Martin  Marietta  Corp. 

Orlando  Division 

A1 iN:  H . Cates 
ATTN:  W.  Jarorko 
ATTN:  W.  Srocxef* 

ATTN:  R.  Gaynor 

Martin  Marietta  Corp. 

Denver  Division 

ATTN:  E.  Carter 

McDonnell  Douglas  Corp. 

AiTN:  Library 
ATrN:  0.  Dohm 
ATTN:  M.  Stitch 

McDonnell  Douo.as  Corp. 

ATTN:  J.  Hotmqrem 
ATTN:  D.  Titzgerald 

McDonnell  Douglas  Corp. 

ATTN:  Technical  Library 

Mission  Research  Corp. 

ATTN:  C.  Longmire 

Mission  Research  Corp.— San  Diego 
ATTN:  J.  Raymond 
ATTN:  R.  rger 
ATTN:  J.  Azarewicz 
AITN:  V.  Va  Lint 

Mitre  Corp. 

ATTN:  M.  Fitzgerald 

Motorola,  Tnc 

Government  Electronics  Division 
ATTN:  A.  Christensen 

Mo ti  rola , lur. 

Sour  conductor  C.roup 
ATTN:  | . Clark 

National  Academy  of  Sciences 
AT  IN:  R.  Shane 

National  Semiconductor  Corp. 

ATTN:  «.  Hang 
ATTN:  A.  loo  ion 

University  of  New  Mexico 

Elr  trical  Engineering  and  Computer  Science  Dept. 
ATTN:  H.  Southward 

Northrop  Corp. 

Northrop  Reseaich  and  Technology  Ctr. 

ATTN:  P.  Eisenbrrg 
ATTN-  T.  Jackson 
ATTN:  J.  Spour 

Northrop  Corp. 

Electronic  Division 

ATTN:  l.  Anodaca, 

ATTN:  P,  Gardner  _ 

ATTN:  D,  jtrohel 
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E®J,^R.^-^J_.Qf_l^r^^.J-&NJ8ACT0RS  (Continued) 

Physics  International  Co. 

ATTN:  Division  6000 
, ATTN:  J.  Shea 
ATTN;  J.  Huntington 


RAD  Associates 
ATTN:  R 
ATTN:  C 
AITN:  S 


R.  Poll 

C.  MacDonald 

S.  Rogers 


Rand  Corp. 

AT.TN:  C.  Crain 

Raytheon  Co. 

ATTN;  J.  Ciccio 

Raytheon  Co. 

ATTN:  A.  Van  Ooren 
ATTN:  H.  Mesrher 

RCA  Corp. 

Government  Systems  Division 
ATTN:  G.  Prucker 
ATTN:  V.  Mancino 

RCA  Corp. 

David  Sarnoff  Research  Center 
AITN:  D.  O'Connor 
ATTN:  Office  N103  . 

RCA  Corp. 

Government  Systems  Division 
Missile  and  Surface  Radar 
ATTN:  R.  Killioi 

RCA  Corp. 

Camden  Complex 

ATTN:  J.  Saultz 
ATTN:  E.  Van  Keuren 

RCA  Corn. 

Somerville  Plant,  Solid  State  Div. 
ATTN:  H.  Allen 

Renssalaer  Polytechnic  Institute 


ATTN: 

R.  Gutmann 

Research  Triangle  Institute 

ATTN: 

M.  Simons,  Jr. 

Rockwell  International  Corp. 

ATTN: 

J,  Bell 

ATTN: 

V.  De  Martino 

ATI  d: 

G.  Messenger 

ATTN: 

V.  Strahan 

ATTN: 

T.  Oki 

Rockwell  International  Corp. 
Spac"  Division 

ATTN:  D.  Stevens 

Pickwel!  International  Corp. 
ATTN:  TIC  BA08 
ATTN:  T.  Yates 

Sanders  Associates,' Inc. 

' ATTN:  N.  At  tel 
ATTN:  l.  Brodeur 


**>if*l*rs . 


DEPARTMENT  Or  DEFENSE  CONlRAilOfi.  ^Cont  *nt:ed> 

Science  Applications,  Inc. 

AilN:  V.  Vprtinski 
A7TN:  J.  Naber 
ATTN:  V.  Opnan 

Science  Applications,  Inc. 

VTTN:  W.  Chadsey 

Sconce  Applications,  'nc. 

ATTN:  0.  Stripling 

Singer  Co. 

ATTN:  J.  Brinkman 

Singer  Co. 

Data  Sy s ' ems 

ATTN:  R.  Spiegel 

Sperry  Rand  Corp 

Sper**y  W'crowave  Electronics 

ATT’i:  Engineering  Lahoratory 

Sper-y  Rand  Coro. 

Sperry  Division 

ATTN:  R.  viola 
ATTN:  C.  Craig 
ATTF-  P.  Maraffino 
ATTN:  i.  Scaravagl ione 

Sperry  Rand  Corp. , 

Sperry  Flight  Systems 
ATTN'  0.  Schow 

Sperry  Uni  vac 

ATTN:  J.  Inda 

Spire  Corp. 

ATTN:  R Little 

SRI  International 

ATTN:  A.  Whits  n 
ATTN:  P.  Dolan 


DEPART  ME  (Cl  or  ptftNSE_  CONTRACTORS  (Continued) 

Teledyne  Ryan  Aeronautics! 

AITN:  J.  Raw) > nos 

Texas  Instruniei  Is , Inc 
ATTN:  A.  Peletier 
ATTN:  R.  Stehlin 

TRW  Defense  and  Space  Sys.  Group 
ATTN:  M.  Ha  id 
ATTN:  P.  Guilfoyle 
ATTN : O.  Adams 
ATTN:  R.  kingsland 
ATTN:  A,  iavelko 
ATTN:  H.  Holloway 
ATTN:  R.  Schnieder. 

ATTN:  A.  Wit  tele: 

TRW  Defense  and  Space  Sys,  Group 

San  Bernardino  Operations 
ATTN:  F.  Fay 
ATTN:  M.  Gorman 
ArTN:  R.  Ritter 

TRW  Systems  and  Energy 
ATTN:  G.  Spehar 
ATTN:  D.  Hillw  rd 

Voaghf  Corp 

ATTN:  R . T onnie 
ATTN:  Library 

ATTN:  Technical  Dala  Center 

Wes t i nghoose  Electric  to. 

Aerospace  and  Electronic  Systems  p(y 
AITN:  l.  McPherson 

West i.icihe  se  r)pctrit  Corn. 

I)nft  nse  a.  u flectronir  Systems  tr, 

ATTN:  H.  Ralupaca 

ATTN:  0.  Crichi  1 


